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bound layers in microbes, providing a perfect niche for bacteria to exchange genetic 
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infectious disease processes, leading to chronic infections of patients with long-term 
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novel insights and advanced knowledge for life science researchers, clinical researchers, 

doctors, and other interested readers on some of the latest developments in biofilms.

Published in London, UK 

©  2024 IntechOpen 
©  vsijan / nightcafe.studio

ISBN 978-1-80356-708-2

Recent A
dvances in Bacterial Biofilm

 Studies - Form
ation, Regulation,  

and Eradication in H
um

an Infections





Recent Advances in 
Bacterial Biofilm Studies 
- Formation, Regulation, 

and Eradication in Human 
Infections

Edited by Liang Wang, Bing Gu,  
Li Zhang and Zuobin Zhu

Published in London, United Kingdom

DBF_Book Title
DBF_Book Title
DBF_Book Title
DBF_Book Title
DBF_Book Title
DBF_Editors
DBF_Editors


Recent Advances in Bacterial Biofilm Studies - Formation, Regulation, and Eradication in Human 
Infections
http://dx.doi.org/10.5772/intechopen.108089
Edited by Liang Wang, Bing Gu, Li Zhang and Zuobin Zhu

Contributors
Jorge Manuel Silva-Jara, Carlos Arnulfo Velázquez, Dulce María Romero-García, Jazmín Guadalupe 
Silva-Galindo, Alejandra Monserrat Castorena-Sánchez, Ismael García-Vera, Gabriela Hinojosa-
Ventura, Zahra Sedarat, Andrew W. Taylor-Robinson, Zeuko’o Menkem Elisabeth, Chin Erick Ngehdzeka, 
Salma Kloula Ben Ghorbel, Sana Dhaouadi, Sana Bouzenbila, Ameur Cherif, Ramzi Boubaker Elandoulsi, 
Sandile Phinda Songca, Liang Wang, Muhammad Usman, Huan Yang, Jun-Jiao Wang, Jia-Wei Tang, 
Li-Yan Zhang, Bing Gu, Matthew Terzungwe Tion, Kenneth Ikejiofor Ogbu, Felix Kundu Shima, Muhammad 
Akbar Shahid, Ali Saeed, Sadeeq Ur Rahman, Mian Muhammad Salam, Sheraz Ahmad Bhatti, Muhammad 
Mudaseer Nazir, Muhammad Nauman Zahid

© The Editor(s) and the Author(s) 2024

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2024 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Recent Advances in Bacterial Biofilm Studies - Formation, Regulation, and Eradication in Human 
Infections
Edited by Liang Wang, Bing Gu, Li Zhang and Zuobin Zhu
p. cm.
Print ISBN 978-1-80356-708-2
Online ISBN 978-1-80356-709-9
eBook (PDF) ISBN 978-1-80356-716-7

DBF_Book Title
DBF_Book Title
DBF_Book Doi
DBF_Editors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_Book Title
DBF_Book Title
DBF_Editors
DBF_ISBN
DBF_Online ISBN
DBF_eBook (PDF) ISBN


Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

6,900+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

184,000+
International  authors and editors

200M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editors

Prof. Liang Wang is a group leader and principal investigator at 
Guangdong Provincial People’s Hospital (Guangdong Academy 
of Medical Sciences), Southern Medical University, China. He 
also works as a research fellow at the University of Queensland 
and the University of Western Australia. He is an adjunct profes-
sor at the School of Medical and Health Sciences, Edith Cowan 
University, Australia. His current research interests are computa-

tional and experimental bacteriology, focusing on bacterial evolution, metabolism, 
and rapid diagnosis. Prof. Wang serves as an associate editor for Frontiers in Micro-
biology and is an editorial board member of BMC Microbiology, PeerJ, and Transla-
tional Metabolic Syndrome Research. To date, Prof. Wang has published more than 100 
peer-reviewed papers in international journals.

Professor Bing Gu is the director of the Department of Lab-
oratory Medicine at Guangdong Provincial People’s Hospital 
(Guangdong Academy of Medical Sciences), Southern Medical 
University, China. He is a visiting scholar at UCLA and Purdue 
University, USA. Dr. Gu has published more than 160 peer-re-
viewed papers. He is Vice Chairman of the Youth Committee 
of the Chinese Society of Laboratory Medicine of the Chinese 

Medical Association and Vice President of the Society of Laboratory Medicine of the 
China Association of Medical Equipment. 

Li Zhang received her MBBS from Fudan University, China, and 
her Ph.D. from the University of Cambridge, UK. She was a clini-
cian at the China-Japan Friendship Hospital, in Beijing before her 
Ph.D. study. After completing her Ph.D., she worked as a post-
doctoral fellow at the National University of Singapore before 
joining the University of New South Wales (UNSW). Associate 
Prof. Li Zhang’s group investigates bacterial species that cause or 

prevent inflammatory diseases and cancers of the gastrointestinal tract. They study 
bacterial genomes, bacterial virulence factors, interactions of bacterial pathogens 
and gut microbiome with the host immune system, and novel methods to modify gut 
and oral microbiome and to enhance antibiotic sensitivity. 

Zuobin Zhu is an associate professor at Xuzhou Medical Univer-
sity, China. Since 2016, he has been researching microbe–host 
interaction and the genetic mechanisms of infertility. He has 
authored more than thirty papers in refereed international jour-
nals on drug resistance mechanisms of pathogenic bacteria, the 
relationship between intestinal microbes and host health, and 
the genetic mechanism of complex diseases, especially infertility. 

He has edited or co-edited two books. Dr. Zhu is a member of the Microbial Genet-
ics Committee of the Genetic Society of Jiangsu Province, a member of the Male 
Reproduction Branch of the Jiangsu Maternal and Child Health Care Association, 
and appointed head of the Xuzhou Engineering Research Center of Medical Genet-
ics and Transformation. 





Preface XI

1

3

9

31

47

49

65

77

Section 1
Introduction 

Chapter 1 
Introductory Chapter: Bacterial Biofilms in Human Infection – An Urgent 
Problem That Needs to Be Solved
by Liang Wang and Bing Gu

Chapter 2 
Formation, Regulation, and Eradication of Bacterial Biofilm  
in Human Infection
by Muhammad Usman, Huan Yang, Jun-Jiao Wang, Jia-Wei Tang, 
Li-Yan Zhang and Liang Wang

Chapter 3 
Bacterial Biofilm Eradication in Human Infections
by Chin Erick Ngehdzeka and Zeuko’o Menkem Elisabeth

Section 2
Bacterial Pathogenesis and Biofilms 

Chapter 4 
Campylobacter: Virulence Factors and Pathogenesis
by Matthew Terzungwe Tion, Kenneth Ikejiofor Ogbu  
and Felix Kundu Shima

Chapter 5 
Pathobiology, Public Health Significance, and Control of  Campylobacter 
Infections
by Muhammad Akbar Shahid, Ali Saeed, Sadeeq Ur Rahman,  
Mian Muhammad Salman, Sheraz Ahmed Bhatti,  
Muhammad Mudasser Nazir and Muhammad Nauman Zahid

Chapter 6 
Quorum Sensing in Biofilm
by Zahra Sedarat and Andrew W. Taylor-Robinson

Contents



II

Section 3
Strategies for Eradication of Bacterial Biofilms 97

Chapter 7 99
Nanosystems as Quorum Quenchers Targeting Foodborne Pathogens:  
Understanding the Inhibition Mechanisms and Their Docking  
Predictions
by Dulce María Romero-García, Jazmín Guadalupe Silva-Galindo,  
Carlos Arnulfo Velázquez-Carriles, Alejandra Monserrat Castorena-Sánchez, 
Ismael García-Vera, Gabriela Hinojosa-Ventura and Jorge Manuel Silva-Jara

Chapter 8 125
Efficacy of Natural and Synthetic Biofilm Inhibitors Associated  
with Antibiotics in Eradicating Biofilms Formed by Multidrug- 
Resistant Bacteria
by Salma Kloula Ben Ghorbal, Sana Dhaouadi, Sana Bouzenbila, 
Ameur Cherif and Ramzi Boubaker Elandoulsi

Chapter 9 141
Important Advances in Antibacterial Nanoparticle-Mediated 
Photodynamic Therapy
by Sandile Phinda Songca

XII



Preface

Infectious diseases are a global public health priority due to the heavy burden they 
place on the healthcare system and the high costs of their management [1]. These 
diseases are caused by infection by microorganisms such as bacteria, viruses, 
fungi, and parasites. Therefore, it is important to prevent the spread of these 
microorganisms to reduce the transmission of infections from person to person. 
Among all the microorganisms, bacteria cause many common infections, such as 
pneumonia, sepsis, gonorrhea, and so on; however, not all bacteria are harmful. 
Controlling pathogenic bacterial infection is critical in preventing and reduc-
ing global human infection rates and mortality. Antibiotics are a group of low-
molecular-weight active antibacterial substances used to target bacterial infections 
for more than 70 years [2]. However, the abuse of antibiotics has led to the rapid 
rise of multidrug-resistant pathogenic bacteria, causing a paradigm shift in the 
relationships between antibiotics and bacterial–human relations [3]. In addition, 
bacteria can form biofilms consisting of surface-associated microbial cells with 
exopolysaccharides, extracellular DNA, proteins, and amyloidogenic proteins 
enclosed in an extracellular polymeric substance matrix [4, 5]. Various studies 
confirm that bacterial biofilms protect bacteria from harsh conditions and play 
critical roles in antibiotic resistance [6]. Although the role of biofilms in antibacte-
rial resistance is complex, it is found that many human infections are biofilm-
mediated, and biofilms can significantly drive resistance. Therefore, it is important 
to understand biofilm formation and regulation to facilitate biofilms’ rapid and 
effective eradication, which will further increase the prevention and control of 
bacterial infections in human beings. Over the past decade, a large amount of work 
has been conducted and reported in medical literature. However, due to the rapid 
progress in bacterial biofilms, there is a need to compile recent important works in 
a single volume. As such, we have published this book, Recent Advances in Bacterial 
Biofilm Studies – Formation, Regulation, and Eradication in Human Infections. This 
edited book contains chapters written by international teams of basic and clinical 
researchers. These chapters provide novel insights and advanced knowledge of 
bacterial biofilms in clinical settings for life science researchers, clinical research-
ers and doctors, and other interested readers. They aim to facilitate the under-
standing of bacterial biofilms and strengthen the importance of novel methods 
and technologies in the treatment of biofilm-related human infections. With the 
development of prevention, inhibition, and eradication methods of bacterial 
biofilms, the mortality rate of chronic and fatal bacterial infections is expected to 
be greatly reduced in the future. 

Many people have contributed to this book. First, I would like to thank my Publishing 
Process Manager, Ms. Nina Miocevic, for her patience and expertise in assisting us 
throughout the publication process. I would also like to thank the Commissioning 
Editor, Ms. Sandra Bakic, for providing us with the opportunity to edit the book. 



We also acknowledge the contributions of the production and typesetting teams for 
their professional services. We hope you enjoy reading this book as much as we have 
enjoyed writing it.
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Chapter 1

Introductory Chapter: Bacterial 
Biofilms in Human Infection – An 
Urgent Problem That Needs to Be 
Solved
Liang Wang and Bing Gu

1. Introduction

Infectious diseases pose continuous and increasing risks to human health and 
welfare along with the development of human society [1]. Even nowadays, in the 
twenty-first century when individuals, communities, and hospitals have easy access 
to effective disinfectants, abundant antibiotics, and advanced medical technolo-
gies, infectious disease outbreaks are still able to cause severe consequences on lives 
and livelihoods all over the world [2]. In fact, according to a recent comprehensive 
demographic analysis for the Global Burden of Disease Study, around seven million 
people died of infectious diseases in 2019, representing approximately 12% of all 
deaths globally [3]. As one of the five major infectious agents, that is, viruses, bacte-
ria, fungi, protozoa, and helminths [4], bacteria have a significant impact on public 
health since their infections can occur at any part of human body and can be trans-
mitted to human beings via many apparent and hidden routes, making their control 
and prevention extremely difficult [5]. Bacterial infections have caused many devas-
tating pandemics in human history such as the Black Death caused by Yersinia pestis, 
Cholera caused by Vibrio cholerae, and so forth, leading to tens of millions deaths all 
over the world [6]. In addition, there are many other bacterial pathogens that are able 
to cause infectious diseases with severe consequences like leprosy (Mycobacterium lep-
rae), tuberculosis (Mycobacterium tuberculosis), anthrax (Bacillus anthracis), syphilis 
(Treponema pallidum), and so on, making clinical treatment of bacterial infection 
difficult and complex. Since the discovery of penicillin in 1928 and other antibiotics 
after that, due to the high effectiveness of antibiotics in bacterial infection control, it 
was once thought that antibiotics were one of the most successful chemotherapies in 
the history of medicine [7]. However, with the arm race between bacterial evolution 
and the development of antibiotics, drug-resistant and multidrug-resistant bacte-
rial pathogens keep emerging, leading to the emergence of hard-to-treat multiple 
antibiotic-resistant infections and the failure of last-line antibiotics [7]. In clinical 
settings, formation of bacterial biofilms could significantly enhance antibiotic resis-
tance from 10- to 1000-fold increment when compared to similar bacteria living in a 
planktonic state [8]. In addition, bacterial biofilms are closely associated with chronic 
infections like pneumoniae in cystic fibrosis patients and are extremely difficult to 
eradicate once formed [9]. Therefore, it is important to understand bacterial biofilm 
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formations and regulations at molecular level so as to facilitate the development of 
novel drugs and discovery of drug targets for disrupting biofilms, leading to the effec-
tive improvement of clinical treatment of antibiotics-resistant bacterial pathogens 
and biofilm-related bacterial chronic infections.

2. Bacterial biofilm formation and regulation

In specificity, bacterial biofilm is a highly complex, well-organized, three-
dimension-structural consortium of bacteria that are embedded in a self-produced 
extracellular matrix, containing polysaccharides, proteins and nucleic acids, and so 
on [10]. Despite the structural complexity of bacterial biofilms, a classical five-step 
model was previously proposed to explain its formation: (1) reversible attachment 
phase, (2) irreversible attachment phase, (3) extracellular polymeric substances 
(EPS) production, (4) maturation, and (5) dispersal and detachment [11]. Recently, 
Sauer et al. have revised the conceptual model and proposed a simple three-step 
biofilm formation model, that is, aggregation, growth, and disaggregation, in order to 
represent a broader range of biofilm system [12]. Biofilm formation is sophisticatedly 
regulated and is involved in complex network of regulatory cascades such as quorum 
sensing (QS) system (communications of bacterial cells within biofilm), regulatory 
small RNAs (sRNAs), second messengers (cyclic-di-guanosine monophosphate, c-di-
GMP), and so forth [13], while elucidation of the regulatory mechanisms of biofilm 
formation will promote the development of effective strategies to biofilm inhibition 
and control [14].

3. Bacterial biofilm prevention, inhibition, and eradication

Biofilm infections are persistent and recalcitrant, are tightly associated with the 
rise of antibiotic resistance, and show heterogeneous features with diverse nature 
[15]. Due to the harmfulness of bacterial biofilms in human infections, effective 
strategies for preventing, inhibiting, and eradicating biofilms are urgently needed. As 
the proverb runs, prevention is better than cure [16]. Therefore, it is always the prior-
ity to prevent the formation of bacterial biofilm rather than to inhibit and eradicate it, 
which requires less effort on biofilm control. Multiple strategies are currently avail-
able for biofilm prevention, which most frequently involve treating abiotic surfaces 
(smoothness, wettability, or hydrophilicity) and coating surfaces (salivary proteins, 
2-methacryloyloxyethyl phosphorylcholine, monomeric trimethylsilane, antimicro-
bial peptide) [17]. These methods are able to greatly reduce microbial attachment to 
device surface, hence preventing biofilm formation and reducing bacterial infection. 
As for the inhibition of bacterial biofilms, there are also many effective combat-
ing tactics like quorum-sensing blockage, hindering the biosynthesis of N-acyl-
homoserine lactones (AHL) signal molecule, biodegradation or alteration of AHL 
signal molecule, interference with receptor proteins by analog compounds, and so on 
[18]. Further in-depth studies are needed to elucidate the effects and mechanisms of 
these biofilm inhibition tactics so that they could be used in the host, proving their 
applicability to humans in clinical settings. Although prevention and inhibition of 
bacterial biofilms provide some clinical premise, these methods do not represent a 
direct treatment for established biofilms while eradication agents and approaches 
are efficient to remove mature biofilms [19]. Several representative methods include 
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electrochemical methods, antimicrobial compounds, biofilm architecture modula-
tion, and drug delivery methods, all of which aim to eradicate bacterial biofilms when 
applied alone or synergistically [20]. However, the eradication of mature bacterial 
biofilms is extraordinarily difficult. More strategies and novel compounds need to be 
developed for a more effective fight against biofilms.

4. Summary

With the development of prevention, inhibition, and eradication methods of bac-
terial biofilms, the mortality rate of chronic and fatal bacterial infections is expected 
to be greatly reduced in future.
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Chapter 2

Formation, Regulation,  
and Eradication of Bacterial 
Biofilm in Human Infection
Muhammad Usman, Huan Yang, Jun-Jiao Wang, Jia-Wei Tang, 
Li-Yan Zhang and Liang Wang

Abstract

Microbial biofilms are complicated structures in which planktonic cells change to 
a sessile form of growth. The development of an extracellular polymeric substance 
(EPS) matrix, which encloses the bacterial cells and offers additional protection, 
supports that kind of growth. Biofilms present a significant threat to public health 
due to their extreme resistance to higher antibiotic concentrations. In addition, bio-
films are also resistant to human immune systems. Bacterial biofilms can spread their 
pathogenicity through a variety of approaches, such as adhering to a solid surface, 
evading host defenses like phagocytosis, generating a large amount of toxins, resist-
ing anti-microbial agents, transferring genes to generate more virulent strains, and 
dispersing microbial aggregates that transport the microorganisms to new locations. 
Consequently, there is an urgent need to replace the widespread procedure of anti-
biotics with novel developing approaches. Furthermore, biofilm formation has been 
connected with high rates of disease, health-related infections, and even death, lead-
ing to the search for alternative treatment approaches. The review intends to provide 
information about clinically important bacterial pathogens of the gut, mouth, skin, 
and lungs and insights into the different perceptions of microbial biofilms, as well 
as their formation, regulation, and pathogenicity. In addition, for efficient eradica-
tion or inhibition of biofilms and associated infections, nanoparticle approaches for 
addressing persistent bacterial infections have also been discussed.

Keywords: biofilm, bacterial infection, pathogenicity, antibiotic resistance, 
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1. Introduction

The term “biofilm” refers to a connection of microorganisms when microbial cells 
adhere to one another on living or inactive surfaces and are enclosed in an extracel-
lular polymeric substance (EPS) matrix [1]. The initial identification of microbial 
biofilm belongs to a Dutch researcher Antoni van Leeuwenhoek, who used a simple 
microscope to detect “animalcules” for the first time on the surfaces of teeth [2]. 
A number of studies have demonstrated that bacterial biofilms are resistant to 
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antibiotics and cannot be hindered by human immune system because the microbes 
that cause biofilms have a greater capacity to resist or remove antimicrobial agents, 
which extends the period of recovery during infection [3]. During biofilm-forming 
stage, certain genes of bacteria are induced, resulting in the activation of stress-
related genes and the transformation of bacteria into resistant phenotypes which 
lead to changes in cell density, pH, osmolarity, or nutrition [4]. It has been reported 
that majority of bacteria have the ability to develop biofilm on almost every type of 
surface, which poses a significant threat to the health of people because of the dis-
eases it causes and the resistance it provides to many antibiotics [4, 5]. According to 
studies, the exopolymer in biofilms inhibits the ability of leucocytes to pass through 
the biofilm, checking their capacity of leucocytes to degranulate, and stops them 
from producing reactive oxygen species (ROS), which prevents bacterial phagocy-
tosis [6–8]. Previous investigations have stated that significant amounts of clinically 
important bacterial pathogens such as Enterobacter cloacae, Escherichia coli, Klebsiella 
pneumonia, Pseudomonas aeruginosa, Staphylococcus aureus, S. epidermidis, etc. possess 
the ability to develop biofilms [4, 9–11]. In addition, biofilms are also known to spread 
diseases through colonizing surgical instruments, which include central venous 
catheters, urinary catheters, joint prostheses, pacemakers, etc. [11, 12]. Furthermore, 
biofilm has been associated with chronic wounds, lung infections in cystic fibrosis 
patients, and dental caries [13].

In this chapter, we will describe the clinically important bacterial pathogens of 
the mouth, gut, lungs, and skin. Moreover, the formation and regulation of bacte-
rial biofilm as well as pathogenicity, its mechanisms, and the eradication of biofilm 
by nanoparticles will also be discussed. This information echoes advancements in 
microbiome diagnostics and shows how biofilm is formed and regulated. A closer 
examination of biofilm provides more clarity on the inherent strengths and weak-
nesses of biofilm. It highlights the need to realize that biofilm is not simply a more 
significant number of wound pathogens but a sophisticated biological process that 
requires specific, targeted care. This study also highlights how different types of 
nanoparticles help in the eradication of bacterial biofilm and shows that nanoparticles 
have an excellent capacity for the eradication of bacterial biofilm and that different 
types of nanoparticles act in different ways in order to eradicate biofilm.

2. Body-site infection of clinically-important bacterial pathogens

The clinical importance of different bacterial pathogens is widely recognized, and 
regular examination is required to provide an accurate diagnosis for specific kinds of 
infections. Some clinically important bacterial pathogens that cause health complica-
tions worldwide and occur in the mouth, skin, lungs, and gut are given below.

2.1 Mouth

The mouth, which serves as a pathway to the digestive system, offers a habitat for 
a diverse and abundant microbial population, and masses of these organisms and 
their products develop on the surfaces of the teeth and gums [14]. These growths, 
commonly referred to as plaque from the mouth and classified as biofilms, contribute 
to the development of cavities, which leads to tooth damage [15]. The microbial 
community that grows around teeth is extremely complicated. The microbiome of the 
mouth poses a threat to maintaining overall and dental health [16]. Therefore, dental 
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caries is a dietary-microbial disease that involves a cariogenic biofilm and continu-
ous exposure to fermentable carbohydrates from dietary sources, such as sucrose, 
glucose, fructose, maltose, etc. [17]. Around 700 different types of bacteria in the 
mouth cavity have been detected using ribosomal identification techniques, among 
which Streptococcus mutans is one of the most common caries-causing bacterium 
[18]. It canmetabolize many types of carbohydrates, generating high-level acidity 
and dextran that facilitates the production of dental plaque. Many different bacterial 
species belonging to the genera Streptococcus and Actinomyces can be found in the 
plaque biofilms [19, 20]. For example, the two Gram-positive and anaerobic bacteria, 
Streptococcus anginosus and Actinomyces naeslundii, are commonly found in biofilms, 
while under healthy circumstances, Gram-negative bacteria such as Aggregatibacter 
Actinomycetemcomitans, Campylobacter spp., Porphyromonas spp., Prevotella interme-
dia, and Treponema denticola can also exist [21]. The investigations have shown that 
these Gram-negative bacteria might infect other parts of the body when hygiene in 
the mouth fails to be observed. For example, staphylococci (staph) and streptococci 
(strep are involved in endocarditis) [22]. In addition to this, other issues related to 
these biofilms include actinomycosis, dental root infections, and foul breath [23].

2.2 Skin

The human skin microbiome performs a significant role in both health and 
disease. The initial defense line of human body from pathogens is the skin, which pro-
tects and shields the body and provides a hostile environment for majority of bacteria 
[24]. Microbial biofilms are an extensively investigated mode of surface-associated 
growth that exhibits community-like characteristics. Furthermore, biofilms play an 
important role in numerous skin diseases. The usual microbiota of skin comprises a 
considerable number of Gram-positive bacteria, such as Staphylococci and Micrococci. 
Gram-positive bacteria are comparatively resistant to harsh conditions such as dry-
ness and extreme osmosis pressures noticed in high salt or sugar mixtures [25]. The 
common causes of bacterial infections in skin are Staphylococcus and Streptococcus 
[26]. The bacteria Streptococcus pyogenes is responsible for a contagious bacterial skin 
infection that forms pustules and yellow, crusty sores. In certain instances, both S. 
aureus and S. pyogenes are present. Usually, the bacteria that cause infection penetrate 
through a small skin opening. Additionally, the infection has the potential to spread 
to neighboring body parts. However, the primary skin pathogens are coryneform 
bacteria like hemolytic Streptococci and S. aureus [27]. Normally, such bacteria pen-
etrate the body from a wound in the skin, including bites from insects, etc. [28]. In 
vitro, single-species biofilms of skin microbiota, such as S. aureus, S. epidermidis, 
and Propionibacterium acnes, have been investigated [29]. Furthermore, important 
inter-species interactions with skin prokaryotes have been found, e.g., S. epidermidis 
inhibiting both P. acnes growth and S. aureus biofilms [29, 30].

2.3 Lungs

Lung infection is one of the most prominent health issues. Various systemically 
or respiratory problems start with lung infections. The region of the upper respira-
tory tract is where airborne pathogens initially come into interaction with the body’s 
mucous membranes [31]. Pathogens from surroundings and dust particles are 
continuously exposed to the pulmonary system and airways. Once there are issues 
with any component of this system, lung disease can occur [32]. The most common 
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causes of bacterial lung infections in normal hosts include Streptococcus pneumoniae, 
Haemophilus species, Staphylococcus aureus, and Mycobacterium tuberculosis. The bacte-
rial infections of the lungs were responsible for one-fifth of all fatalities in Europe 
and North America between the seventeenth and nineteenth centuries. It can remain 
dormant for years before establishing a chronic cavitating lung infection with highly 
infectious sputum. Following a significant reduction in prevalence, mainly due to 
advancements in public health, M. tuberculosis infections are currently reducing in 
rate, while multidrug-resistant strains are spreading across various areas [33, 34]. 
Other common microorganisms responsible for pneumonia include Staphylococcus 
aureus, Group A Streptococcus, Klebsiella pneumoniae, Haemophilus influenzae, and 
Moraxella catarrhalis [35]. Additionally, patients with smoking-related lung disease 
frequently have Haemophilus influenzae infection, which can result in bronchial 
inflammation and patchy infiltration into the surrounding lung. H. influenzae is 
under-detected by the usual clinical culture approach [36].

2.4 Gut

Bacteria can enter the intestinal mucosa and replicate there, as well as spread to 
other organs in the body [37]. The majority of intoxications, including those carried 
on by Staphylococcus aureus, are identified by the symptoms appearing extremely 
quickly (often within a few hours) [38]. The gut microbiota is a convoluted ecol-
ogy with approximately 300 to 500 different bacterial species [39]. In contrast to 
the lower gut, the stomach and upper intestine have less abundant microbiota [40]. 
Bacteria can be found in the mucosa and in the lumen, although they often are unable 
to penetrate the gut wall. The usual intestinal microbiota contains small populations 
of bacteria which can lead to disease when allowed to overgrow. For instance, an 
over-population of Clostridium difficile can result in serious intestinal inflamma-
tion and diarrhea. Antibiotic administration starts the procedure by inhibiting the 
natural microbiota [41]. The main common pathogens of the gut include Vibrio 
cholerae, enteropathogenic strains of E. coli, Eubacterium, Bacillus cereus, Bacteroides 
vulgatus, Bifidobacterium, Clostridium difficile, Fusobacterium, Peptostreptococcus, 
Pseudomonadota, Prevotella, Salmonella enterica, Salmonella gastroenteritis, Salmonella 
typhimurium, and Shigella spp [42–48]. Bacillus subtilis is a gut commensal and 
non-pathogenic [49, 50]. Lactobacillus johnsonii and Clostridium perfringens are both 
commensal [51, 52]. However, Clostridium perfringens is also an opportunistic patho-
gen that can lead to lethal diseases as a result of overgrowth causing gas gangrene, 
food poisoning, non-foodborne diarrhea, and enterocolitis [53, 54]. Bacteroides fragilis 
is part of the normal microbiota of the human colon and is commensal, but can cause 
infection if displaced into the bloodstream or surrounding tissue following surgery, 
disease, wounds, or trauma [55, 56].

3. Biofilm formation and regulation

Wound contamination happens within minutes when planktonic (free-swim-
ming) microorganisms travel into the wound, anchor to the wound bed, and become 
attached (sessile) [57]. Bacteria produce sticky sugar strands or polymers known as 
extracellular polymeric substances (EPS) when attached to the wound bed. These 
polymers form bonds with the help of metallic ions obtained from the host and 
wound environment, forming a three-dimensional protective structure that grows 
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into a complex community developed to protect the encased bacteria compared to 
assault through the body’s immune system or external attack.

3.1 Steps of biofilm formation

The development of a biofilm actually involves a combination of physical, chemi-
cal, and biological processes that proceed over a period of time. Detailed procedures 
of bacterial biofilm formation are illustrated in Figure 1.

3.1.1 Conditioning

The formation of a conditioning layer is the initial stage in the development of a 
biofilm. The components of the bulk fluid settle onto the surface at this stage, devel-
oping a substratum. In common, rough surfaces and hydrophobic materials have a 
preference compared to hydrophilic and smooth surfaces [59]. The microorganism 
adheres to such surfaces, which are consequently changed to improve a surface charge 
that assists in the attraction and adhesion of bacteria with opposing charges [60]. 
The bacteria can adhere to the surface more strongly owing to the existence of pili, 
fimbriae, and glycocalyx on the surface [61]. Although an initial adhesion can be 
reversed, if attraction dominates over repulsion, it will become irreversible.

3.1.2 Attachment and growth

When the adhesion is effective, the bacteria start to grow by taking advantage 
of the available nutrients. Following this stage, biological events dominate bacte-
rial adhesion to the surface. This is the outcome of the expression of a number of 
genes that are in the position of producing surface proteins such as porins [62]. 

Figure 1. 
Schematic illustration of the key steps in biofilm formation: (a) planktonic bacteria attaching to the surface, (b) 
motility factor inhibition, (c) extracellular polymeric substances (EPS) generation, and (d) biofilm maturation 
and dispersal. The figure is adapted and modified from a previous study with copyright permissions [58].
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The polysaccharides used to create the EPS layer are transported with the help of 
porins. Since the biofilm matures, microbial cells start to connect to each other via 
the release of autoinducer signals (AIs) [63]. This communication is critical due to 
an established biofilm can comprise up to 100 billion bacterial cells per milliliter. The 
cells are divided into identical different groups, each of which is accountable for a spe-
cific task [64]. Another frequently observed phenomenon in a growing biofilm is the 
formation of high and wrinkled structures. However, this causes lateral pressure on 
the cells by pulling it towards one another. The dead cells in the biofilm concentrate in 
the areas that promote vertical bulging, which helps in releasing this pressure [65].

3.1.3 Metabolism

The metabolic process of the biofilm modifications with changes in the environ-
ment of the biofilm throughout the primary phase of growth of biofilm, when the 
metabolic activity is strong and subsequently declines as growth progresses [66]. The 
complex diffusion channels are employed as the cell population grows to transport 
nutrients, oxygen, and further components required for cell growth. These chan-
nels are used to transport the metabolic wastes and debris. In fact, shear stress has a 
significant impact on the expression of genes involved in glycolysis [67]. The bacteria 
that form biofilms have a propensity to ingest foreign DNA, which could eventually 
lead to the expression of exogenous proteins [68]. Furthermore, it has been demon-
strated that several genes involved in the biosynthesis of fatty acids were downregu-
lated as the biofilm formed [69]. These findings show that biofilm-forming cells have 
a very different metabolism from planktonic cells.

3.1.4 Dispersion

The final step is dispersion, which involves the destruction of the biofilm and the 
sessile cells, allowing them to resume their motile forms. Finally, biofilm makes use of 
its disruptive forces to spread throughout, and the bacteria colonize new regions and 
develop [70].

3.2 Biofilm regulation

This protective biofilm structure is comprised of proteins and smaller molecules 
which are strung together to form larger, more robust polymer units of sugars (poly-
saccharides), macromolecules like DNA, and lipids [71]. This EPS helps the bacteria 
contained within the structure survive by supplying nutrients, removing waste 
products, and preventing harmful antimicrobial molecules, antibodies, and host 
inflammatory cells from getting or interacting with the bacteria. A developed biofilm 
additionally helps in the ongoing maturation and eventual spreading recolonization of 
the encased bacteria, prevents molecules too large to pass through the structure, and 
provides a diffusion barrier to small molecules like antibiotics (Figure 2) [4, 73–76].

Defensive EPS structure of bacterial biofilm protects bacterial hybridization, 
tolerance, and gene expression by subverting the natural infection inflammatory 
response in order to get rid of the body of bacteria and support the survival of bacteria 
[75]. It is noteworthy that this protective structure can repel treatments and promote 
continued biofilm growth, even if the biofilm is chemically or mechanically fractured 
into microcolonies, rendering the bacteria within the structure virtually invincible 
unless the structure is solubilized and removed. The protective EPS structure of the 



15

Formation, Regulation, and Eradication of Bacterial Biofilm in Human Infection
DOI: http://dx.doi.org/10.5772/intechopen.114177

biofilms protects bacterial hybridization, tolerance, and gene expression patterns and 
promotes bacterial survival by preventing the body’s own inflammatory response that 
is designed to get rid of bacteria [18]. This procedure enables the biofilm to rapidly 
mature and develop impenetrable to conventional treatments as well as unculturable 
using conventional culture methods. The biofilm may function passively as a reservoir 
for pathogenic bacteria which are typically polymicrobial in nature, or it can take a 
more active role by encouraging an expanding area of inflammation and pathogenic 
tissue damage that favors the progression into overt infection as the biofilm develops 
into a more mature insoluble biomass, encouraging protected bacterial growth, muta-
tion, and proliferation through sophisticated cell-to-cell and cell-to-surface interac-
tions between the host and the biofilm [77–81]. Over time, a portion of the biofilm’s 
bacteria disperses as fresh-roving bacteria and micro-bacterial aggregates that release 
and spread, acting as the foundation for new biofilm colonies [82].

4. Bacterial biofilms: Pathogenicity and properties of the bacterial biofilms

4.1 Pathogenicity

It is well-established that biofilms contribute to the virulence of pathogens. 
According to statistics from the Centres for Disease Control and Prevention (CDC) 
and the National Institutes of Health (NIH), the prevalence of disease caused by 
biofilms is believed to be between 65% and 80%, particularly in developed nations 

Figure 2. 
The general mechanism of biofilm resistance to antimicrobials. (A) Biofilm matrix provides a diffusion barrier 
to small molecules like antibiotics. (B) Inactivation of antibiotics by enzymes of the biofilm matrix. (C) Persister 
cells in the deeper layer of biofilm inducing adaptive SOS reaction and hence developing further resistance. The 
figure is adapted and modified from a previous study with copyright permissions [72].
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[83]. Several food-borne pathogens including E. coli, Salmonella, Yersinia enteroco-
litica, Listeria, and Campylobacter create biofilms on the surface of food or storage 
equipment. Furthermore, potentially pathogenic bacteria such as Staphylococcus 
aureus, Enterococcus faecalis, Streptococcus, E. coli, Klebsiella, and Pseudomonas thrive 
on catheters, prosthetic joints, mechanical heart valves, and so on. As a result of their 
periodic escape from the said focus these organisms may cause persistent diseases 
[83, 84]. The localized depletion of nutrition in a biofilm has been proposed as an 
inducer of cell release or detachment from the biofilm in Pseudomonas aeruginosa 
[85]. However, microbially produced gas bubbles, cross-linking cations, growth 
status, contact surface material, shear stress, quorum sensing, and lytic bacteriophage 
activation have all been identified as major contributors to biofilm detachment. They 
can be life-threatening causing endocarditis and infections in people with cystic 
fibrosis, in addition to infecting long-term indwelling devices like heart valves and 
joint prostheses [86].

Numerous bacterial toxicities in the human body such as the development of 
dental plaques, infections of the middle ear in children, urinary tract infections, 
gingivitis, and contact lens infections are caused by biofilms. The biofilm formation 
takes place on contact lenses and ultimately it leads to contamination [9, 87].

4.2 Properties of the bacterial biofilms

The bacterial biofilms cause pathogenicity through a variety of unique properties.

4.2.1 Variation in phase

Small colony variations (SCVs) are a colony phenotype highlighted by small size, 
slow development, and virulence gene downregulation and have been identified 
as a pathogenic mechanism for various bacterial species such as S. epidermidis and 
are often linked with chronic infections [88]. Biofilms have the unique potential to 
generate bacterial subpopulations that are shifted to a dormant state and are known 
as small colony variations (SCVs). They also have low catalase activity which inter-
feres with oxidative metabolism. SCVs generate noticeable morphological changes in 
biofilms, increasing adhesion, auto-aggregation, hydrophobicity and pathogenicity. 
These variations contribute to biofilm survival in extreme environmental conditions 
[58]. SCVs appear to be less sensitive to antibiotics and the immune system possibly 
due to their ability to survive intracellularly and induce a more anti-inflammatory 
setting due to higher Inter Leuken-10 (IL-10) release [89].

4.2.2 Efflux pumps

Efflux pumps are present in the periplasmic space within the bacterial membranes 
and have a negative influence on antibiotic accumulation and their presence is critical 
in pathogenesis in biofilm [90]. The mutations in regulation proteins or promoters 
result in the production of these efflux pumps which causes pathogenicity. These 
efflux pumps are energy-dependent and on the basis of mechanism by which they 
derive energy are generally categorized into two groups. The primary efflux pumps 
get their energy from constant hydrolysis of ATP whereas the secondary efflux pumps 
get their energy from chemical gradients created by protons or ions like sodium ions 
[91]. The increased expression of these efflux pumps in biofilm has also been linked to 
pathogenesis in P. aeruginosa biofilms by causing antibiotic resistance [92].



17

Formation, Regulation, and Eradication of Bacterial Biofilm in Human Infection
DOI: http://dx.doi.org/10.5772/intechopen.114177

4.2.3 Alterations in membrane protein expression

The outer membrane channel proteins existing in bacterial membranes play an 
important part in transferring hydrophilic particles from the outer atmosphere to the 
periplasmic space in biofilm of bacteria [93]. The presence of outer membrane pro-
teins (Omps) allows for macromolecular interaction between the cell and the environ-
ment. These proteins are established in the outer membrane of bacteria in biofilm. A 
larger channel outer membrane protein such as OmpF can be used in place of OmpC 
because it has a smaller diameter. This change limits the entry of bigger compounds 
with high hydrophobicity such as carbenicillin. In contrast, small hydrophilic mol-
ecules such as imipenem can pass through the OmpC channels. In biofilm, differential 
expression of outer membrane protein-coding genes occurs which contributes to 
antibiotic resistance and pathogenicity [94].

5. Bacterial biofilm and its eradication

Many types of nanoparticles with therapeutic effects against bacterial biofilm 
infections can be categorized according to their chemical composition or their 
healthcare purposes. The nano-formulations have a high attraction to the bacterial 
cells and the capacity to penetrate biological barriers like biofilm because of their 
small size, large surface area, and highly sensitive nature [95]. The sizes of the NPs 
are sufficiently small to penetrate into biofilms and microbial cell walls, while the 
large surface area of the NPs enables the effective loading of drugs [96]. Although the 
exact strategy of NPs reducing biofilm formation is not completely elucidated yet, 
multiple studies have described different processes by which NPs impact bacterial 
cells and biofilms (Figure 3). There are various common types of nanoparticles used 
for biofilm eradication, which are listed and discussed below.

5.1 Metal-based nanocomposites

Metal nanoparticles (MNPs) are often employed in antibacterial and antibiofilm 
studies due to their inherent nature, structure, and large surface-to-ratio, enabling 
control in fabrication, approach, and modification of their physical and chemical 
characteristics [98]. MNPs demonstrate significantly greater antibacterial activity 
compared to their micro-sized counterparts, although NPs, like common antimi-
crobials, lack the ability to recognize sensitive and resistant microorganisms [96]. 
However, their non-specificity is also one of their drawbacks because they can 
also attack commensal bacteria [99]. Metal oxide nanoparticles (MONPs), silver 
nanoparticles (AgNPs), gold nanoparticles (AuNPs), and various other metal-based 
nanocomposites (NCs) have shown their efficiency in preventing biofilm formation 
through a distinct inhibitory mechanism [96, 99].

5.1.1 Metal oxide NPs

Metal oxide nanoparticles (MONPs) that demonstrated antimicrobial activity 
consist of iron oxide (Fe3O4), zinc oxide (ZnO), titanium oxide (TiO2), silicon oxide 
(SiO2), selenium oxide (SeO2), and aluminum oxide (Al2O3). The majority of the 
NPs impacts on microbial cells involve cellular membrane breakdown resulting from 
NP-cell surface interaction and consequent leak of cell substance [100]. Metal oxide 
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NPs (MONPs) also mediate mechanisms for DNA and RNA destruction, the produc-
tion of ROS, and the discharge of poisonous substantial metal ions [98]. The primary 
antibacterial activity of these NPs is related to oxidative stress, which is caused by the 
formation of ROS on the outer layers of metal oxides and subsequent breakdown of 
cell membranes, structure of cells, and molecules [98, 101]. The effects of oxidative 
stress can harm the proteins that contribute to attachment and biofilm development. 
Furthermore, it suppresses the development of genes that are important for bacterial 
cell attachment on surfaces and biofilm development [102].

5.1.2 Silver nanoparticles (AgNPs)

AgNPs are commonly used as antimicrobial agents and have greater antibacterial 
activity than some antibiotics as well as employed in clinically developed devices, tubes, 
and dressings for wounds [103]. In addition to exhibiting antimicrobial properties, 
AgNPs possess a large surface-to-mass ratio, which makes them an attractive choice for 
use as single layers on the surfaces of biomolecules [104]. The antibacterial effect of 
AgNPs is considered to be caused by the NPs’ breakdown and the release of Ag+ ions, 
which attach to the cell membrane and depolarize the cell wall while changing the per-
meability and negative charge of the membrane. Additionally, when Ag+ ions penetrate 
the target bacterium, they cause the oxidation and breakdown of cellular components, 
the reduced activity of respiratory chain enzymes, and the formation of ROS, which 
hinders the recombination of DNA and the fabrication of ATP [98, 105].

Figure 3. 
The primary mechanisms of nanoparticles (NPs) in biofilm eradication. (A) Interaction with functional 
components of biofilm via the released ions. (B) Production of reactive oxygen species (ROS) that cause bacterial 
destruction and EPS breakdown. (C) Antimicrobial-loaded polymeric nanoparticles penetrate into the biofilm 
and deliver drugs to the bacterial cell. (D) the photothermal effect, which occurs in the presence of near-infrared 
(NIR) light irradiation, causing an increase in local heat, which acts efficiently alongside EPS and bacterial 
cells. (E) Liposomes encapsulate the antimicrobial and fuse with cell membranes, allowing the antibiotic to be 
released directly inside the bacterial cell. The figure is adapted and modified from a previous study with copyright 
permissions [97].
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5.1.3 Gold nanoparticles (AuNPs)

AuNPs are more efficient against biofilm compared to AgNPs because they have a 
lower hydrophobicity index, which reduces the growth of biofilm [106, 107]. The anti-
microbial process of AuNPs is believed to involve affecting the membranes of bacterial 
cells and inhibiting ATPase production, which leads to metabolic degradation, as well 
as hindering the ribosome component attaching to tRNA, attacking nicotinamide, and 
impacting the bacterial respiratory chain [105]. In addition to having antimicrobial 
qualities, AuNPs also exhibit photothermal characteristics when exposed to near-
infrared (NIR) light. This is because accumulated AuNPs absorb light in a red-shifted 
manner, which causes a dramatic increase in localized heat. Consequently, this rep-
resents yet another potent means of eradicating bacteria from the infectious biofilm 
without damaging the tissues that surround it because their cells require a greater 
amount of heat due to their larger size than bacterial cells [108, 109].

5.1.4 Metal-polymer nanocomposites (MNCs)

The fabrication of MNPs as polymer nanocomposites increases their stability and 
efficiency. According to Nagvenkar et al. [110], adding ZnO NPs to polyvinyl alcohol 
(PVA) polymer enhanced the stability and efficiency of the ZnO-PVA nanofluid against 
S. aureus and E. coli [110]. The toxic effects of ZnO can be decreased through its incor-
poration into different materials. Banerjee et al. [111] showed that doping pancreatin 
(PK) on ZnONPs (ZnONPs-PK) reduced the toxic effects of ZnO and increased its anti-
bacterial and anti-biofilm efficiency while decreasing its virulence towards MRSA [111]. 
Depan and Misra [112] found that incorporating titania NPs into silicone decreased 
S. aureus life and adhesive abilities by 93% when compared to stand-alone silicone 
[112]. Silicone-TiO2 NPs were also more effective at breaking down the biofilm; after 
6 hours of incubation, the biofilm completely disintegrated. Wang et al. [113] observed 
that AuNPs incorporated with graphitic carbon nitride (g-C3N4) could improve H2O2 
efficiency by causing peroxidase-like activity that effectively breaks down H2O2 to OH 
radicals, leading to demonstrated biofilm destruction and prohibited biofilm develop-
ment in vitro, reducing the growth of E. coli and S. aureus, and potentially accelerating 
the healing process [113]. Recently, capping MNPs with polysaccharides obtained from 
other microbes like yeast and algae has been shown to be effective [114].

5.2 Polymer-based nanoparticles (PNPs)

Polymer nanoparticle-based antimicrobial delivery systems are whatever they are 
commonly referred to as in regards to their functionality. Despite the fact that the 
chemical composition could be organic, inorganic, or even a mixture of both, their 
enhanced antibacterial transport is due to their improved stability, capacity for modi-
fication, formation at the site of infection, and monitored release ability, along with 
boosted cytocompatibility and biodegradable properties [98, 115, 116]. PNPs have a 
distinct advantage over MNPs because medications can be maintained within their 
cavity, allowing the drug to be delivered to the target region, whether confined or 
entrapped [99, 117]. Based on this, PNPs are available in two shapes, nanospheres and 
nanocapsules, with sizes ranging from 100 to 500 nm. The nanosphere is a polymeric 
matrix that contains the drug that has been adsorbed in it. The drug can be entrapped 
in small cavities or adsorbed onto the polymer wall of nanocapsules, which have an 
oily core and a polymeric shell around them [117].
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5.3 Natural and synthetic polymer-based nanoparticles (PNPs)

PNPs can be either synthetic or natural, like chitosan, polycaprolactone, polylactic 
acid, and polylactic-co-glycolic acid (PLGA). Chitosan, a cationic heteropolysaccha-
ride, is frequently used as a nanocarrier due to its biocompatibility, immunostimulat-
ing properties, non-toxicity, biodegradability, adhesive properties, and relatively low 
cost of production [115, 118]. Chitosan has a high ability to inhibit biofilm growth 
because of its polycationic nature, which results in electrostatic interaction with the 
biofilm components and damages the biofilm matrix [119]. Additionally, electrostatic 
interaction between positively charged chitosan and negatively charged bacterial 
cell surfaces leads to the destruction of bacterial cell membranes and the leakage of 
their constituent parts, as well as the inhibition of mRNA transcription and protein 
synthesis through DNA binding [100].

5.4 pH-responsive polymer-based nanoparticles

The ability to be functionalized in accordance with the conditions of the micro-
environment determines the polymeric NPs. As previously discussed, the rapid 
pH-responsive transmission of the NPs negative to positive charge increases their 
capacity to accumulate and penetrate biofilms inside acidic microenvironments, 
which decreases drug efficacy. In addition to effectively binding to the bacterial cell 
surfaces and enhancing photoinactivation efficiency against Gram-negative bacteria, 
the pH-responsive polymeric NPs carriers have a high potential to interact with the 
acidic biofilm microenvironment and respond to pH variation [120, 121]. The acidic 
pH-responsive NPs systems have been developed as bilayers with a cationic outer shell 
for binding with EPS components and a hydrophobic inner shell for releasing the 
encapsulated drug and enhancing antimicrobial and antibiofilm activity [120, 122]. 
For example, Horev et al. [120] conducted an in vitro and in vivo study that dem-
onstrated farnesol-loaded pH-activated polymer NPs had a 4-fold greater ability to 
inhibit S. mutans biofilms than free farnesol; additionally, the drug was concentrated 
at the biofilm-EPS matrix interface, which greatly improved farnesol retention and 
bioavailability [120].

6. Conclusion

Human pathogenic biofilms are associated with chronic and recurrent diseases 
that can be very severe and even fatal. Biofilm formation and regulation are multi-
step complex procedures that involve the transition of bacteria from free-swimming 
planktonic form to biofilm-making sessile form. Pathogenicity is the capacity of a 
pathogen to cause disease through a variety of mechanisms. Pathogenic biofilm may 
cause different host reactions in a human host and use a variety of mechanisms to 
evade the host defense systems. Furthermore, toxins such as invasins, lipopolysac-
charides (LPS), and cell wall components of biofilm can damage host cells and cause 
septic shock. Moreover, adhesins help in adhering the pathogen to the surfaces of the 
host. During infection, bacteria are able to attach to a host surface and continue to 
penetrate host tissues. Pathogens can “burrow” more deeply into a tissue by generat-
ing and releasing proteases and glycanases that degrade host extracellular matrix 
proteins and polysaccharides. Another possibility for a pathogen in biofilm is to enter 
the host tissue cells and have access to the intracellular environment. In recent years, 



21

Formation, Regulation, and Eradication of Bacterial Biofilm in Human Infection
DOI: http://dx.doi.org/10.5772/intechopen.114177

nanotechnology has developed into an exciting technique for eradicating bacterial 
biofilm-related infections. The ability of nanoparticles (NPs) to deliver drugs to the 
target site in the ideal dosage range, protect them from deactivation, and increase 
their therapeutic efficiency with fewer side effects makes them a promising therapeu-
tic approach. Aside from that, the small size, large surface area, and highly reactive 
nature of nanoparticles enable them to penetrate biological barriers like biofilm and 
have a high eradicative selectivity for bacterial infections. Taken together, this study 
systematically reviews the formation, regulation, and eradication of bacterial biofilm 
in human infection, which not only facilitates our understanding of bacterial biofilms 
but also strengthens the importance of developing novel methods and technologies to 
inhibit and eradicate biofilm-related human infections, which will greatly reduce the 
mortality rate of chronic and fatal bacterial infections.
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Abstract

Microbial biofilms are elaborate and highly resistant aggregates formed on 
 surfaces or medical devices, causing two-thirds of infections and leading to a serious 
threat to public health. Their presence increases the rate of infections and mortality 
in the affected individuals. The strategies and eradication patterns are necessary to be 
established or implemented to eliminate them in human beings. This chapter high-
lights recent approaches for combating bacterial biofilms, including the methods used 
by promising antibiofilm compounds to enhance the total elimination of bacterial 
biofilms involved in some specific human infections. Biofilms must be eradicated to 
ensure efficient treatment of the infections.

Keywords: bacterial biofilms, eradication, human infections, resistance, aggregates

1. Introduction

Bacterial drug resistance and biofilm infections can result in a wide range of 
diseases and associated complications, such as sepsis, endocarditis, pneumonia, and 
even death in the worst scenarios [1, 2]. Bacterial biofilms are complex and elaborate 
microbial communities that are very resistant and readily colonizing the surfaces of 
organs or medical implants to cause intractable and recurring infections [3]. They 
have a large spectrum of activities ranging from nosocomial setting, especially linked 
to lower respiratory, urinary tract, and surgical wound infections as well as the 
medical devices used during treatment resulting to a serious challenge to patients’ 
health [4]. Bacteria tend to work in synergy and create groups to achieve resistance 
about 10–1000 times on antibiotics and the human immune system [3, 4], while also 
secreting various virulence factors in certain cases [2]. The arrangement of bacteria in 
the biofilm in a micro-colony shape enclosed in an extracellular polymeric substance 
(EPS) of the matrix, is the highest surviving mechanisms of biofilms giving them 
more resilience and versatility [5]. Fleming’s discovery of penicillin in 1928 marked 
the advent of antibiotics and the subsequent production of several antibiotics has 
been a lifesaving against bacterial infections [6]. Many strategies are being used today 
to control and eradicate important biofilms that ranges from drugs and cell methods 
to non-biological modern technologies. These include novel antibiotics and their car-
riers, bacteriophage and its components, antiseptics and disinfectants, small molecule 
anti-biofilm agents, surface treatment strategies, ultrasound-induced microbubbles, 
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nanomaterials and nanostructure functionalization, as well as multifunctional 
coating [4, 7, 8]. This chapter therefore, highlights recent approaches for combating 
bacterial biofilms, including methods used by promising antibiofilm compounds to 
enhance the total elimination of bacterial biofilms involved in some specific human 
infections.

1.1 Bacterial biofilms in human infections: Examples and consequences

Bacteria can grow to a biofilm during favorable condition. Notwithstanding 
certain species seem to have a preference to form biofilms and examples of these are 
given in Table 1 [9]. Centuries ago it was thought that bacteria only existed in free 
floating forms or as planktonic organisms until the 1970s when they were observed 
adhering and growing on surfaces [10].

Most of these species form biofilms at their natural sites and constitute the 
microflora in the human body (Figure 1) [9]. Biofilms are extremely resistant to 
orthodox antimicrobial treatment and to the host immune response. It is reported 
to play a key role in various chronic infections in human diseases, thereby rep-
resenting a challenge in clinical settings [9, 11]. The control and treatment of 
 infections caused by biofilms are challenging in medical settings and this has led 
to the development of novel technology and new strategies to combat microbial 
biofilms [9].

1.2 Bacterial biofilm eradication mechanisms

Biofilms are difficult to eradicate even with extended treatment and important 
attention is given to less conventional treatments, especially those that employ 
macromolecular species [12, 13]. Because of this failure of conventional therapeutics 
biofilms require other strategies and mechanism for their elimination [14]. Many 
strategies are presently under investigation, aiming to effectively eradicate biofilm-
related infections and several agents have been known to have anti-biofilm activity, 
including some natural products, synthetic compounds, enzymes, peptides, chelating 
agents, polyphenols, as well as some antibiotics [13, 14]. These biofilms have different 
mechanisms of action.

Organism Site of biofilm formation

Actinomyces spp. Teeth

Escherichia coli and other enterobacteria Urinary catheters

Escherichia coli Intestinal tract

Lactobacillus spp. Vagina, Teeth

Pseudomonas aeruginosa Lungs of cystic fibrosis patients

Staphylococcus aureus Implantable medical devices

Staphylococcus epidermidis and other coagulase-
negative staphylococci

Implantable medical devices

Streptococcus spp. Teeth

Table 1. 
Examples of representative bacterial pathogens that frequently form biofilms.
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2. N-acyl homoserine lactones mediated quorum sensing inhibition

Quorum sensing (QS) is a system where bacterial cells communicate through the 
activation of specific signals, with key objective of enabling the adaptation of bacteria 
hostile environmental conditions, including bacterial population densities. This 
process involves reacting to extracellular chemical signaling molecules called auto-
inducers (AIs) through synthetization and sensing. Gram-negative bacteria commu-
nicate using AIs, most commonly acyl-homoserine lactones (AHLs) and other small 
molecules [14]. The mechanism is the disruption of AIs and then mitigate quorum 
sensing controlled responses for biofilm control. Most of the anti-biofilm chemical 
structures under studies are: N-acyl homoserine lactones (AHL) (Figure 2a), triazole 
dihydro furanone (Figure 2b), synthetic halogenated furanone (Figure 2c), EGCG 
(Figure 2d), and ellagic acid (Figure 2e) [14]. Numerous AHLs disrupt biofilm 
formation. Important biofilm inhibitory effect against P. aeruginosa and Serratia 
marcescens were observed when the lactone moiety of the native AHL molecules is 
replaced by cyclohexanone or cyclopentyl [15, 16].

3. Membrane permeabilization and potential alteration

Pore formation and destruction of the cytoplasmic membrane is as a result of 
bacterial membrane modification. There are three possible mechanisms of bacterial 
membrane disruption by antimicrobial peptides (AMPs): (a) pore-induced barrel-
stave pathway, (b) toroidal pathway, and (c) carpet (non-pore) mode (Figure 3) [17]. 
Peptides that inhibit bacteria by disrupting their membranes and consequently inhibit-
ing enzyme production are produced and post-translationally modified. These peptides 
are lantibiotics that are ring-structured peptide antibiotics containing thioether amino 
acids (methyllanthionine or lanthionine) or unsaturated amino acids (2-amino isobu-
tyric acids or dehydro-alanine) [18]. A pore-forming lantibiotic called subtilin, produced 
from a Gram-positive bacteria B. subtilis strain ATCC6633, induces the dissipation of 
transmembrane electrostatic-potential releasing cytoplasmic solutes from B. subtilis and 
Staphylococcus simulans membrane vesicles [19]. In Figure 2, AMP outreaches the cyto-
plasmic membrane via permeabilizing the outer membrane in Gram-negative bacteria, 

Figure 1. 
Bacterial biofilm in human infections.



Recent Advances in Bacterial Biofilm Studies – Formation, Regulation, and Eradication in Human...

34

while in Gram-positive bacteria, the AMP directly disperses through nano-ranged pores 
of the peptidoglycan layer. After binding to the inner membrane, AMPs can create three 
types of pores, that is, barrel-stave pore, toroidal pore, and carpet model [17].

4. Peptidoglycan cleavage

Peptidoglycan, the cleavage of which is also known to inhibit biofilm formation, 
is a layer located in the cell walls of many bacteria and originates from amino acids 

Figure 2. 
Chemical structures of some anti-biofilm compounds that inhibit AHL-mediated QS. (a) AHL. (b) Triazole 
dihydro furanone. (c) Synthetic halogenated furanone. (d) Epigallocatechin gallate (EGCG). (e) Ellagic acid.

Figure 3. 
Mechanism of action of AMPs on the membrane system of Gram-negative and Gram-positive bacteria [17].
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and sugars [20]. Peptidoglycan cleavage causes a change in protein composition and 
amount of teichoic acid in the bacterial cell wall resulting to biofilm inhibition [20]. 
An example of peptidoglycan hydrolases is endolysin encoded by bacteriophages [21]. 
Endolysin can work on multidrug-resistant strains, by disrupting biofilms in vitro e.g., 
PlyC (specific Streptococcal bacteriophage) [22].

5. Inhibition of bacterial cell division

One mechanism used to stop biofilms from growing is to inhibit cell division. 
Peptides having antimicrobial activity inhibit cytoplasmic proteins that play a big 
role in cell division and also promote cell growth by penetrating the bacterial cytosol 
through formation of channels at outer membrane or via a flip-flop of phospholipids 
(when the cell is ready to divide, then the nuclear membrane melts) [14]. Drosocin, 
pyrrhocoricin, and apidaecin are proline-rich antimicrobial peptides (AMPs). They 
can impede the initiation of chromosomal DNA (cDNA) replication by binding with a 
shock protein of bacteria DnaK [23, 24] or bacterial death [25].

6. Biofilm’s inhibitors based on nucleotide second messenger molecules

Nucleotide second messenger molecule cyclic di-GMP (c-di-GMP) is involved in 
biofilm development and the growth of biofilm can be altered by modifying the c-di-
GMP signaling pathway (Figure 4) [14, 26]. c-di-GMP is synthesized from two mol-
ecules of GTP by diguanylate cyclases (DGCs). Its mechanism of action is achieved by 
microbial cells reducing the level of c-di-GMP via phosphodiesterase activation due 
to nitrosative and starvation conditions [27] leading to biofilm dispersion. However, 
c-di-GMP has three main mechanisms of biofilm formation regulation:

a. Weakening bacterial movement to promote bacterial attachment onto a solid 
surface. Transition of bacteria from motility to attachment is an important 
stage in biofilm formation. In E. coli, the c-di-GMP-bound form of the flagellar 
brake protein YcgR interacts with the flagellar motor protein Mot A, thus regula-
tory motor output in a brake-like fashion [28]. Bacterial surface attachment 
is enhanced by, c-di-GMP with a role in the suppression of bacteria motility 
(Figure 4A).

b. Regulating pilus development. Mannose-sensitive haemagglutinin (MsHA) pilus 
found in Vibrio cholera promotes bacteria attachment on solid surfaces during the 
early stages of biofilm formation and controlled by MshE, an ATPase responsible 
for pilus polymerization [29, 30]. Once c-di-GMP binds to MshE, it enhances 
the assembly of MsHA pilus and thereby increases biofilm formation [29] 
(Figure 4B). The number of MsHA pili on the bacterial surface can also increase 
proportionally with increase in intracellular c-di-GMP concentration, leading to 
rapid biofilm formation.

c. Regulation of biofilm components production. Curli fibers is regulated by the 
diguanylate cyclases (DGC YdaM) and the phosphodiesterases (PDE YciR) 
through controlling the c-di-GMP concentrations in E. coli K-12 strain W3110, 
production of biofilm matrix components [31]. At very high concentrations 
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of c-di-GMP, YciR begins to apply its PDE function to release the inhibition of 
YdaM and MlrA and concomitantly, YdaM can activate MlrA to enhance the 
central curli regulator CsgD, thus prompting the transcription of curli genes and 
enabling the curli formation [31] (Figure 4C). c-di-GMP also regulates another 
essential component of biofilm matrix called bacteria cellulose [32]. Bacterial 
cellulose synthase (BcsA), is attached in the inner membrane of the cell and 
contains a catalytic glycosyltransferase domain and a c-di-GMP-binding PilZ 
domain in its intracellular part [33] (Figure 4D). Glycosyltransferase domain 
is activated when c-di-GMP binds to the PilZ domain of BcsA which allows the 
bacterial cell to assemble the nascent polysaccharide with the help of the BcsB/
BcsC/BcsZ complex to form extracellular cellulose [33] (Figure 4D).

7. Application of external pressures to eradicate biofilm

Several biochemical and physical methods can be used to eradicate formed 
biofilms as described in Figure 5.

a. Physical methods: This include treatment with ultrasound and magnetic fields as 
shown in Figure 5A [34]. The forces produced by cavitation bubbles and fluid move-
ment are primarily what cause biofilm dispersion during ultrasonic biofilm removal.

b. Biochemical methods: Application of phage lysins, degradative enzymes, and 
microbial metabolites (Figure 5B). Humans’ enemies are pathogenic bacteria, 
and bacteria’s enemies are bacteriophages. Phage lysins, the weapons of bacterio-
phages, could be used to combat detrimental biofilms and multidrug-resistant 

Figure 4. 
Regulation of cyclic di-GMP on biofilm formation by inhibiting bacterial motility and increasing EPS 
production [26].
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microorganisms (Figure 5B). At a later stage of infection, bacteriophages express 
peptidoglycan hydrolases known as phage lysins. They have the ability to destroy 
bacteria by cleaving the peptidoglycan layer of the cell wall (Figure 5B) [35].

c. Degradative enzymes: Through the degradation of EPS and removing this protec-
tive clothing (Figure 5C) [26]. Exopolysaccharides, proteins, lipids, and nucleic 
acids make up the majority of the biofilm matrix in EPS. Degrading the EPS and 
eliminating the “protective clothing” that biofilm provides for microorganisms 
allows one to get rid of the hazardous biofilm. Emerging nosocomial pathogen 
Corynebacterium auris has a mannan-glucan-rich matrix in its biofilms. Infections 
brought on by this organism were successfully treated by hydrolyzing mannan-
glucan in the biofilm matrix using mannosidase or glucanase. Additionally, cystic 
fibrosis patients’ sputum and human lung tissue have both been found to have 
Pseudomonas cells encased in alginate-rich biofilms. By eliminating exopolysac-
charide from the P. aeruginosa cell surface and converting alginate into unsatu-
rated uronic acid-containing oligosaccharides, alginate lyase has been used to aid 
in the removal of biofilms [26].

d. Microbial metabolites: Various microbial physiological processes, including 
the development of biofilms, have been revealed to be regulated by secondary 
metabolites acting as intercellular signals. As a result, metabolites can also be 
used to regulate the growth of biofilms (Figure 5D) [36]. By generating cell 
chain elongation, morphological alterations, and even cell death in S. mutans 
biofilms, carolacton, a secondary metabolite isolated from Sorangium cellulosum, 
shown excellent eradication activity against S. mutans biofilms. The biosurfactant 
made by Pseudomonas spp., rhamnolipid, demonstrated the capacity to dislodge 
and eliminate S. aureus biofilms.

Figure 5. 
Application of external pressures to eradicate mature biofilm, which include (A) ultrasound, (B) phage lysins, 
(C) degradative enzymes, and (D) microbial metabolites [26].



Recent Advances in Bacterial Biofilm Studies – Formation, Regulation, and Eradication in Human...

38

e. Nitric oxide: At low and non-toxic concentrations, NO produced by the anaero-
bic respiration activities inside the P. aeruginosa biofilm can start the dispersal 
of the biofilm. Further investigation indicated that P. aeruginosa biofilm NO 
signaling can increase PDE activity, lowering intracellular c-di-GMP levels and 
promoting biofilm dispersion. NO-induced biofilm dispersal was also seen in 
several other bacteria, including E. coli and S. aureus, in addition to P. aeruginosa. 
Similarly, exogenous NO addition therapy can promote biofilm dispersion. For 
instance, NO-releasing polymers have the ability to dose-dependently lower the 
metabolic activity of different biofilms. Additionally, regardless of the matrix’s 
composition, NO-releasing cyclodextrins can destroy P. aeruginosa biofilm. A 
supramolecular nanocarrier was created by combining the NO prodrug with the 
glutathione-sensitive a-cyclodextrin and chlorin e6 prodrug demonstrate quick 
NO release when glutathione is overexpressed in the biofilm, effectively destroy-
ing the S. aureus biofilm [37].

7.1 Biofilm eradication novel perspectives

Bacteria resistance to antibiotics is fast expanding and orthodox treatment of 
biofilms with antibiotics is ineffective. Combating biofilms therefore requires the 
development of different approaches and biologists looking for alternative ways to 
eradicate biofilms. Some recent approaches for combating biofilms include electro-
chemical methods, promising antibiofilm compounds and drug delivery strategies to 
enhance the bioavailability and potency of antibiofilm agents [38].

7.1.1  Antimicrobial compounds to eradicate biofilms: Substrates with antibiofilm 
activity

In recent approaches many antimicrobial substances are screened with variable 
results on their ability to eradicate biofilms [38]. Before the discovery of antibiotics, 
silver (Ag) was used for decades as an anti-bacterial agent for food and water preser-
vation [39]. After its ionization from Ag to Ag+, silver ions are capable of irreversibly 
denaturing key enzymes and in the process successfully killing mature biofilms after 
24 hours of treatment [39, 40] as well as biofilms grown after 4–6 days though higher 
concentrations are needed. Biofilms that have been successfully eradicated by silver 
oxynitrate include E. coli, S. aureus, and P. aeruginosa biofilms [40].

7.1.2 Modulation of the biofilm architecture to eradicate biofilms

Biofilm extracellular polymeric substances (EPS) called the matrix is composed 
of proteins, polysaccharides, and eDNA and loosely links bacteria within the biofilm. 
They are responsible for irreversible cellular attachment, improve mechanical stabil-
ity, and maintain secreted enzymes [41]. Theoretically, biofilm EPS matrix targeted 
agents have the possibility to interfere with the growth of biofilm, their dislocation, 
destabilization, detachment, sensitization, and increase access of antibiotics [38]. 
An example is the inhibition of biofilm formation by a variety of Gram-positive 
and Gram-negative organisms, e.g., S. epidermidis and P. aeruginosa. Specifically, 
deoxyribonuclease I (DNase I) cleaves single-stranded or double-stranded DNA at 
phosphodiester bonds that make up the phosphate backbone during the addition of 
DNase I [41–43].
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7.1.3 Electrochemical biofilm eradication

One of the new perspectives in eradicating biofilms is through electrochemical 
techniques. The mechanism of action involved is the formation of H2O2, which is 
a result of the partial reduction of oxygen on metal surfaces [44]. This stimulates 
an electric current that affects the organization of biological membranes, cellular 
processes [45], cell behavior [46], bacterial respiratory rate, and oxidation of pro-
teins, likewise cell electrophysiology [47]. The eradication of biofilm using electro-
chemically generated biocides varies depending on biocide concentration, exposure 
time, biofilm thickness and/or growth stage, and bacterial strain, as observed [44]. 
An example of experiment carried out in vivo on Acinetobacter baumannii grown as 
biofilms on porcine explants showed it could be overlaid with the same e-scaffold, 
and this significantly reduced viable bacteria by about 1000 folds [48].

7.2 Strategies for combating bacterial biofilm infections

Strategies to combat biofilm formation range from the control by surface adhesins 
to the control by cell-to-cell communication pathways [49]. Three strategies have 
been identified, which include (a) altering abiotic surface characteristics to prevent 
biofilm formation; (b) regulating the signaling pathways to inhibit biofilm forma-
tion and stimulate biofilm dispersal; and (c) applying external forces to eradicate the 
biofilm (Figure 6) [26].

7.2.1 Altering abiotic surface characteristics to prevent biofilm formation

Here two strategies are characterized, that is, treating abiotic surfaces and  coating 
surfaces (Figure 6A–B) [26]. Treatment relies on changing the characteristics of 
surface material like smoothness and wettability through thermal cycling and UV 
irradiation or hydrophilicity [50] and coating surfaces with polymers, trimethyl-silane 
(TMS)/O2, and antimicrobial peptides in order to prevent biofilm attachment [26].

7.2.2 Regulation of signaling pathways to inhibit biofilm

Examples of pathways inhibition are those based on quorum sensing that triggers a 
cascade of intracellular signaling events, eventually regulating different physiological 
phenotypes after binding to their matching receptors [51], inhibiting biofilm-related 
genes expression through the interfering with the QS signaling pathway [26], and 
inhibition based on nucleotides (Figure 6C) [27].

7.2.3 Application external forces to eradicate the biofilm

Both physical and biochemical methods are used to eradicate already formed 
 biofilm. Physical methods entail use of UV radiation whereas biochemical methods use 
phage lysins, degradative enzymes, metabolites and nitric oxides (Figure 6D) [26].

7.3 Treatment methods for biofilm infections

Biofilm infections can be reduced by using conventional antibiotics, either alone 
or in combination with additional medicines (Figure 7). For example, it was observed 
that sub-minimum inhibitory concentrations (MICs) of ceftazidime repressed the 
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expression of genes involved in P. aeruginosa bacterial adherence and matrix syn-
thesis, decrease biofilm volume, and impede twitching motility [7, 52]. Colistin also 
greatly decreased E. coli biofilms and planktonic cells in a concentration-dependent 
manner [53]. According to an in vitro study, gentamycin released by bone graft 
replacements can inhibit E. coli adhesion at 12 μg/mL and can remove biofilms that 
have been present for 24 hours at 23 μg/mL [54].

However, because biofilm has emerged, the majority of antibiotics are now 
given in clinical settings in mixtures with other antibiotics. Despite the fact that 
vancomycin is still the antibiotic most frequently recommended for S. aureus biofilm-
associated infections, the rise of vancomycin-resistant S. aureus has made it necessary 
to combine vancomycin with other antibiotics, such as rifampin. Additionally, colistin 

Figure 7. 
Schematic illustration of antibiotics-based tactics for preventing the growth of clinically-significant bacterial 
biofilms [7].

Figure 6. 
Strategies for controlling biofilm infections. (A) Surface treatment. (B) Surface coating. (C) Chemical agents that 
influence QS. (D) External force [26].
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and other antibiotics, such tigecycline, have demonstrated synergistic effects in vitro, 
indicating the possibility of their use in clinical settings. Also, it was proven that vari-
ous strains of E. coli linked to UTIs had their biofilm biomass drastically decreased by 
amikacin, ciprofloxacin, and third-generation cephalosporins. Additionally, it was 
shown that Staphylococcal biofilms developed on titanium devices may be removed 
within 72 hours with the help of a combined antibiotic therapy of clarithromycin and 
daptomycin [7].

8. Conclusion

Complex and dynamic interactions between the surface, microorganisms, and EPS 
are necessary for the development of a biofilm. In addition, biofilms contain a form of 
bacteria that is common in nature. Their resistance is a major barrier that traditional 
methods must overcome. However, antimicrobials have not received enough attention 
at current stage. The spatial heterogeneity in the chemical and microbial composition 
of biofilms has made it more challenging to execute eradication strategies. For the 
purpose of preventing infections, this paper highlighted a number of cutting-edge 
antimicrobials based on nanotechnology and delivery techniques, especially in the 
context of better penetration and targeted antimicrobial administration inside the 
biofilm for its eradication.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Campylobacter: Virulence Factors 
and Pathogenesis
Matthew Terzungwe Tion, Kenneth Ikejiofor Ogbu  
and Felix Kundu Shima

Abstract

The species from the genus Campylobacter are the common causes of foodborne 
bacterial pathogens found worldwide. The diseases that arise from the infection of 
this bacterial agent are sometimes self-limiting or can range from mild symptoms 
to fatal illnesses. The disease is reported in more than 500 million cases of diarrhea 
annually. The taxonomy, pathogenesis and treatment of Campylobacter is been 
discussed here. Several virulence factors of Campylobacter are involved in playing 
a crucial role in pathogenesis, e.g., the chemotactically controlled cellular motil-
ity, the bacterial adhesion, the invasion into the host cell, and toxin formation. 
When a specific diagnosis is made, antibiotic therapy is advocated for use to reduce 
symptoms. The random use of antibiotics in the treatment of infectious diseases 
has brought about the emergence of many antibiotic-resistant bacteria, which have 
become a public health problem and a menace to society.

Keywords: adhesion, bacteria, Campylobacter, gastroenteritis, virulence factors

1. Introduction

Campylobacter was first described in 1913 [1] but was initially classified in 
the genus Vibrio. With its similarities to the Helicobacter genus, it was finally 
grouped into the genus Campylobacter (family Campylobacteraceae, order 
Campylobacterales, class Epsilonproteobacteria, phylum Proteobacteria), which 
consisted of 33 species and subspecies, showing a broad ecological distribution [2].

Campylobacter is one of the most common causes of bacterial gastroenteritis 
worldwide [3]. Currently, there are several species within the genus Campylobacter 
divided into 43 child taxa with a validly published species (http://www.bacterio.net/
campylobacter.html) [4] as shown in Table 1. The most common sources of transmis-
sion of its infection are contaminated water, raw or contaminated milk, and food 
especially undercooked meat or meat products [5].

The taxonomic classification of Campylobacter species has been long character-
ized by the phenotype of bacterial isolates, where molecular characterization played 
a minute role in the description of bacteria [6]. There is a drastic change involving 
all the branches of taxonomy with the advent of DNA sequencing technologies, the 
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S/No Campylobacter specie

1 Campylobacter sputorum

2 Campylobacter jejuni

3 Campylobacter fetus

4 Campylobacter coli

5 Campylobacter concisus

6 Campylobacter laridis

7 Campylobacter mucosalis

8 Campylobacter hyointestinalis

9 Campylobacter curvus

10 Campylobacter upsaliensis

11 Campylobacter rectus

12 Campylobacter helveticus

13 Campylobacter showae

14 Campylobacter gracilis

15 Campylobacter lanienae

16 Campylobacter hominis

17 Campylobacter insulaenigrae

18 Campylobacter canadensis

19 Campylobacter peloridis

20 Campylobacter cuniculorum

21 Campylobacter avium

22 Campylobacter ureolyticus

23 Campylobacter subantarcticus

24 Campylobacter volucris

25 Campylobacter corcagiensis

26 Campylobacter iguaniorum

27 Campylobacter hepaticus

28 Campylobacter geochelonis

29 Campylobacter pinnipediorum

30 Campylobacter ornithocola

31 Campylobacter blaseri

32 Campylobacter armoricus

33 Campylobacter novaezeelandiae

34 Campylobacter vulpis

35 Campylobacter taeniopygiae

36 Campylobacter portucalensis

37 Campylobacter massiliensis

38 Campylobacter estrildidarum
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standards for the description of Campylobacter species have been updated to a bipha-
sic approach with genotype and phenotype descriptions both being important [7].

DNA-based classifications also have no universal standard and different method-
ologies (eg. multi-locus sequence typing vs. whole genome sequencing) that allow 
different resolving capacities to distinguish between strain variants as well as dealing 
with complex evolutionary phenomena such as recombination in different ways. 
Nonetheless, taxonomic updates based on DNA sequences are essential and have led 
to the inclusion of species previously not classified as Campylobacter [8] and the 
exclusion and reclassification of others [9].

The members of the Campylobacter genus share so many common features. 
Morphologically, Campylobacter is a slightly curved or spiral, rod-shaped bacteria 
with single, bipolar, or entire absence flagellum depending on the specie, motile 
and non-spore-forming, obligate microaerophilic (requires minimum 5% O2 level, 
Nitrogen 85%, 10% CO2) heat labile, thermophilic, Gram-negative bacteria and 
exhibits optimum growth at 42 ̊ C [10–13]. An atmosphere containing increased 
hydrogen is required by some species for microaerobic growth [10]. Campylobacter 
species measure approximately 0.2 to 0.8 by 0.5 to 5 m in size and are chemoorgano-
trophs which acquire their energy sources from amino acids or tricarboxylic acid cycle 
intermediates [14].

This bacterium takes residence in different places, commonly the gastrointestinal 
tracts of many animal species where it serves as commensal or pathogenic [15]. Most 
infections in humans are attributed to Campylobacter jejuni and Campylobacter coli, 
additional species are isolated from humans too [13]. C. jejuni is the major causative 
agent of human foodborne gastroenteritis globally resulting in more than 500 million 
cases of diarrhea annually [16, 17]. In severe cases of infection incriminated by C. 
jejuni, there is a development of post-infection complications such as Guillain Barré 
Syndrome [18].

The genome size of C. jejuni and C. coli is approximately 1600 ± 1700 kilo-
bases (kb). This is comparatively small in relation to the enteropathogens such 
as Escherichia coli with a genome size of approximately 4500 kb [19, 20]. Since 
the genome of C. jejuni was sequenced, it revealed the presence of hypervariable 
sequences that consist of homopolymeric tracts [21].

Among the species of Campylobacter, C. jejuni show a high level of variability 
within many sequences, helping it to adapt to different harsh environments [22]. Within 
these hypervariable genes, several phenotypic variations and vast diversity within 
Campylobacter populations occur, especially after transmission from animals or humans. 
This is shown in different experiments performed in vivo and in vitro, resulting in several 

S/No Campylobacter specie

39 Campylobacter aviculae

40 Campylobacter bilis

41 Campylobacter anatolicus

42 Campylobacter suis

42 Campylobacter majalis

http://www.bacterio.net/campylobacter.html.

Table 1. 
Currently described Campylobacter species.



Recent Advances in Bacterial Biofilm Studies – Formation, Regulation, and Eradication in Human...

52

genetic changes and mutations that contribute to a high genetic diversity [23, 24]. When 
samples collected from animals and humans are sequenced and typed, only a few geno-
types are similar bringing about strain-dependent pathogenicity and specific colonization 
ability [25, 26].

2. Pathogenesis

Campylobacter is very infectious as low infective doses of 500 to 800 CFU can 
cause a problem in humans [27, 28]. Thermotolerant campylobacters, such as C. Jejuni 
and C. coli, are the most frequent cause of bacterial infection of the lower intestine 
worldwide [29]. The mechanism of pathogenesis of C. jejuni comprises of four main 
stages: adhesion to intestinal cells, colonization of the digestive tract, invasion of 
targeted cells, and toxin production [30].

Several virulence factors of Campylobacter are involved in playing a crucial role 
in pathogenesis, e.g., the chemotactically controlled cellular motility, the bacterial 
adhesion, the invasion into the host cell, and toxin formation. In addition to the roles 
of virulence factors in host colonization, additional factors are involved in successful 
colonization, such as various genes, antigens, mechanisms of iron utilization, and the 
response to oxidative and environmental stress. The poor knowledge in understand-
ing, which bacterial and cellular factors are, involved in pathogenicity is not only due 
to the genetic inter- and intrastrain variability but also to differences between the 
laboratory strains and the different host cell lines and protocols used in the different 
laboratories [31]. However, even if the exact mechanism of infection in humans is not 
yet known, three basic steps can be identified [32].

First, the colonization of the intestinum, especially the crypts of the gut mucosa, a 
specific adhesion occurs to proteins of the host epithelium, followed by the invasion of 
the intestinal cells and the translocation of the bacterium, either trans- or paracellularly. 
At this point, Campylobacter multiplies in the intestinal mucosa releasing toxins that 
necrotize the intestinal villi. The damage to the intestinal epithelium results in a loss of 
function, opening of the shielding barrier and the tight junctions, induction of inflamma-
tion, release of electrolytes from the systemic compartment of the host to the lumen of the 
gut, and finally to strong and bloody diarrhea. Furthermore, the adhesion of the bacteria 
to the epithelial cells is accompanied by a strong pro-inflammatory immune response [33].

2.1 The mechanism of pathogenesis

Humans get infected primarily by contact with live animals or through consumption 
of contaminated foodstuffs, contact with live poultry, consumption of poultry meat 
[34, 35], Pork meat [36], beef [37], drinking water from untreated water sources, and 
raw milk [38].

For adequate attachment to a host, microorganisms require adherence factors which 
are usually surface appendages such as the pili that are located on the surface of many 
Gram-negative and Gram-positive species. Genome annotations of several  C. jejuni 
strains do not include obvious pilus or pilus-like open reading frames [21, 38]. A multi-
protein type II-like secretion system of a type that is associated with pilus assembly 
in Vibrio cholerae and Neisseria gonorrhoeae was identified as part of the competence 
machinery, but an actual pilus-like structure has not been identified [39].

Campylobacter colonization of the host mechanism involves primary intes-
tinal cells – Islets of cobblestone cells. The intestinal mucus attenuates C. jejuni 
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invasion in-vitro in chicken. A specific avian intestinal factor rather than tissue 
tropism underlies Campylobacter commensalism in Chickens [40]. Upon infection, 
Campylobacter elicits the secretion of Interlukin-8, IL-8 and Cytokine. The bacte-
ria adhere preferentially to mucus overlying the intestinal tissue. There is also an 
interaction of C. jejuni with tissue or mucus via the flagella [41]. Several factors have 
been identified as influencing the binding of Campylobacter to epithelial cells of the 
host in-vitro [30].

Other proteins involved in campylobacter virulence and adhesions to the host call 
are the CadF (Campylobacter adhesin to fibronectin) and Peb1 proteins. Inactivation 
of the CadF gene seemed to render C. jejuni capable of colonizing the cecum of 
chicks. Also, CadF protein is required for optimal bacterial adhesion to the extracel-
lular matrix and the colonization of newly hatched Leghorn chicken [42].

CadF binds specifically to fibronectin, which is located basolaterally on epithelial 
cells in situ [43, 44]. CadF is required for maximal binding and invasion by C. jejuni 
in vitro, and cadF mutants are greatly reduced in chick colonization compared with 
the wild type [44].

Another characterized adhesion is the JlpA, a surface exposed lipoprotein that is 
highly required for HEp-2 cell binding [45]. JlpA binds to Hsp90α, some of which is 
surface localized in these cells [46]. The process of JlpA binding to Hsp90α activates 
NF-κB and p38 mitogen-activated protein (MAP) kinase, both of them contribute to 
proinflammatory responses [46]. This is an indication that some of the inflammatory 
processes that are observed during the pathogenesis of C. jejuni might be related to 
JlpA-dependent adherence. Another lipoprotein, CapA, was implicated as a pos-
sible adhesion. CapA is an autotransporter that is homologous to an autotransporter 
adhesin, and CapA-deficient mutants have decreased adherence to Caco-2 cells and 
decreased colonization and persistence in a chick model [47].

Some putative adhesins of C. jejuni are located in the periplasm such as the Peb1 
adhesin, also known as CBF1 required for adherence to HeLa cells [48, 49]. Peb1 
shares homology with the periplasmic-binding proteins of amino acid ATP-binding 
cassette (ABC) transporters [50, 51]. Peb1 binds to both aspartate and glutamate with 
high affinity, and peb1-deficient mutants cannot grow if these amino acids are the 
major carbon source [51]. Although Peb1 has not been localized to the inner or outer 
membrane, some has been observed in culture supernatants [51]. Furthermore, Peb1 
contains a predicted signal peptidase II recognition site, a common motif in surface-
localized lipoproteins, and so there is a possibility that some Peb1 is surface accessible, 
despite the failure of fractionation techniques to demonstrate this [50, 51]. Mutants 
that lack peb1 colonize mice poorly, but this could be attributed to the loss of either 
the adhesion or the amino-acid-transport functions, or both [49, 51].

The cytotoxic activity in C. jejuni is associated with a cytolethal-distending toxin 
(CDT) [52]. CDT induces DNA double-strand breaks leading to cell cycle arrest in 
the G2 phase and provokes cell distension and eventually cell death [52–54]. CDT also 
seems to play a role in the invasion and/or survival of C. Jejuni in HeLa cells [55].

The growth temperature of the bacteria significantly affects the ability of C. jejuni 
to bind to epithelial cell lines in-vitro. Its maximum adhesion to INT-407 is 37°C [56]. 
Generally, the binding of C. jejuni to cultured cells is not affected by temperature or 
the Phylogenetic origin of the target cell. The number of bacteria in the inoculum or 
multiplicity of infection regulates the ability of Campylobacter to invade [57].

The Cytotoxic effect is characterized by remarkable cell distension that is obvious 
48 to 72 h after the addition of bacteria-free supernatant and results in cell death. This 
cell distension is evident in the appearance of HeLa cells, which are star-shaped [53].
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Adhesion, invasion, and cytotoxic assay indicate that the ability to invade and 
induce IL-8 production, to produce CDT, and to resist bile salt is widespread among 
C. jejuni isolates [58], nevertheless, a higher degree of bile salt resistance and more. 
Pronounced CDT productions are associated with strains causing enteritis in humans. 
Furthermore, the CheY appears to be a modulator of C. jejuni virulence.

Molecular studies revealed a high rate of variation of homopolymeric runs – 
lipooligosaccharides, capsules, or flagellin that are responsible for virulence, are also 
important for the survival strategy of C. jejuni [21]. The flagellar apparatus is more 
important for the invasion and translocation of C. jejuni in contact with the host cell 
and for Chicken gut colonization. The Lipooligosaccharide (LOS) of C. jejuni is highly 
variable but their structures resemble human neuronal gangliosides. It is thought that 
this phenomenon results in autoimmune disorders, including Guillain–Barré syn-
drome (GBS), a paralytic neuropathy that occurs following approximately 1 in every 
1000 cases of campylobacterosis, and Miller–Fisher syndrome, a variant of GBS. 
Much research works have been done to advance the understanding of the mechanism 
by which C. Jejuni infections result in the conditions above [59–62].

The presence of variation in the capsule structure observed has been linked 
to multiple mechanisms that include phase variation of structural genes and an 
O-methyl phosphoramidate modification [63–66]. Many strains of C. jejuni are 
thought to produce both LOS and a high molecular weight lipopolysaccharide (HMW 
LPS) that is a highly variable capsular polysaccharide. The structural capsules of sev-
eral C. jejuni strains have been determined including strain 11,168 and strain RM1221 
showing their similarities and differences in structure. The former presented with 
6-methyl-d-glycero-α-l-glucoheptose, β-d-glucouronic acid modified with 2-amino-
2-deoxyglycerol, β-d-GalfNAc and β-d-ribose [64], and contains a novel modification 
on the GalfNAc [65], the latter having 6-deoxy-d-manno-heptose and d-xylose [67], 
which are two sugars that are not often detected in bacterial polysaccharides while 
some strains possess teichoic acid-like or hyaluronic acid-like capsules [68, 69]. The 
C. jejuni capsule is responsible for serum resistance, the adherence and invasion of 
epithelial cells, chick colonization and virulence in a ferret model [70–72].

Other important genes -CiaB (Campylobacter invasion antigen B) is involved 
in mutagenesis and is required for the secretion process and effective entry of the 
bacterium into the host cell [73–75]; while the Cjl121c is essential for host colonization 
and virulence [76].

Mutation experiments showed that many genes involved in Campylobacter 
virulence are conserved across species (e.g., CadF, Peb1, jlpA, cdt operon, CiaB, and 
flagellin genes). Among the same strains of the same origin, there are differences in 
virulence characteristics [77].

Campylobacteriosis in humans presents symptoms including diarrhea (often 
bloody), cramping, abdominal pain, nausea, and headaches [78] most commonly 
caused by the species C. jejuni and C. coli [79, 80]. It has also been tagged as an ‘emerg-
ing Campylobacter spp.’ [13], including Campylobacter concisus [81]. Campylobacter 
sputorum [82], Campylobacter upsaliensis [82], Campylobacter ureolyticus [83] and 
Campylobacter hyointestinalis [84]. C. jejuni, C. coli, Campylobacter lari, and C. upsa-
liensis form a genetically close group referred to as the thermotolerant campylobacters 
because they grow optimally at 42°C [85] and the remaining Campylobacter species 
are classified into other general groups [86]. The increasing availability of genetic 
and genomic data on the species’ characteristics and ecological associations due to 
the improved diagnostic technologies has transformed our perception of the clinical 
importance of “emerging Campylobacter spp.” [84].



55

Campylobacter: Virulence Factors and Pathogenesis
DOI: http://dx.doi.org/10.5772/intechopen.112215

Generally, Campylobacter causes a self-limiting clinical illness that lasts 5 to 
7 days; the infection resolves without the use of antimicrobials in the majority of cases 
but 5–10% of patients relapse after their initial illness [87]. However, the infection can 
take a much more severe course, especially in infants, elderly people, and immuno-
suppressed patients (e.g., HIV), so intensified antibiotic treatment is necessary [88].

3. Treatment

The culture-independent diagnostic tests (CIDT) detect the presence of specific 
antigens or DNA sequences and are recently more used for the detection of bacterial 
enteric infections such as Campylobacter, Salmonella, Shigella, Shigatoxin–producing 
E. coli, Vibrio, and Yersinia [89].

Various PCR methods are used for the specific identification of Campylobacter 
e.g. single locus sequencing of the flagellar flaA and flaB genes and Multilocus 
sequence typing. Campylobacter-specific genome sections can also be detected by 
multiplex PCR [90].

Standardized molecular typing methods such as pulsed-field gel electrophoresis 
[91] and flagellin typing (fla typing) by restriction fragment length polymorphism 
analysis of a PCR product [92] are in use worldwide.

The random use of antibiotics in the treatment of infectious diseases has 
brought about the emergence of many antibiotic-resistant bacteria, which have 
become a public health problem and a menace to society. In recent years, several 
studies have reported the problem of antibiotic resistance in the various strains of 
bacteria [93, 94].

In self-limiting infection, no treatment is required but uncomplicated enterocolitis 
is managed symptomatically with fluid therapy consisting of electrolytes and volume 
substitution [95–97].

In cases where a specific diagnosis is made and a severe progression to a fatal 
illness, immunosuppression, or lack of improvement of symptoms antibiotic therapy 
with macrolides (azithromycin), fluoroquinolones (ciprofloxacin), and tetracy-
clines is recommended. Resistance testing should be performed routinely for these 
cases. The use of cephalosporins should be highly avoided due to high resistance 
rates. Macrolides, fluoroquinolones and aminoglycosides are classified as critically 
important antimicrobials, while tetracycline is considered a highly important anti-
microbial [98]. Resistance to (fluoro)quinolones and tetracyclines is highly prevalent 
in Campylobacter spp. isolates, while resistance to erythromycin is typically low to 
moderate [99–101].

Macrolides are the first-line antibiotic for the treatment of enteric gastroen-
teritis, while fluoroquinolones and tetracyclines remain as alternatives [102–104]. 
Systemic infections are routinely treated with aminoglycosides [104, 105] with low 
resistance [100].

Fluoroquinolones act by primarily targeting the DNA gyrase [106]. DNA gyrase 
is a heterotetrameric type IIA topoisomerase, consisting of two polypeptide sub-
units (GyrA and GyrB, encoded by gyrA and gyrB, respectively), catalyzing ATP-
dependent negative supercoiling of DNA to regulate replication, repair and gene 
expression [107–109]. Resistance to (fluoro)quinolones among Campylobacter spp. is 
largely mediated by chromosomal mutations in the quinolone resistance-determin-
ing region (QRDR) of gyrA, typically conferred by the C257T nucleotide mutation 
(Thr-86-Ile) [110].
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The prevalence of Campylobacter gastroenteritis can be significantly reduced 
by risk-based vaccination, although, there is no commercial vaccine available at the 
moment, which is also due to the great antigenic diversity of the bacterium. A capsule 
polysaccharide-based vaccine has proven successful against diarrhea in primates 
[111]. In order to increase its immunogenicity in humans, it has been coupled to 
liposomes [112].

4. Conclusion

It is established that Infections caused by Campylobacter are one of the major 
food-borne causes of gastroenteritis, which can range from mild symptoms to fatal 
illness worldwide. With the advancement in molecular technology, the epidemiology 
of some Campylobacter infections remains a mystery.

Care must be taken in severe forms, especially in infants, elderly people, and 
immunosuppressed patients (e.g., HIV), and must be placed on antibiotic therapy 
bearing in mind that random use of antibiotics has brought about antibiotic-resistant 
strains of the bacteria. Further research work is needed to unveil more information.
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Abstract

Campylobacteriosis is caused by Gram-negative and spiral-shaped microaero-
philic Campylobacter bacteria. Different avian hosts are commonly infected with 
Campylobacter species. Among 16 Campylobacter species, infections are mostly 
caused by thermophilic Campylobacter jejuni and Campylobacter coli. C. jejuni and 
C. coli are well adapted to the avian intestinal tract and produce little or no clini-
cal diseases in poultry. Although thermophilic Campylobacters are commensals in 
poultry, their significance is due to food safety and public health apprehensions. The 
majority of human Campylobacter infections are caused by C. jejuni, followed by 
C. coli, and rarely by C. lari. Campylobacter infections have now emerged as lead-
ing bacterial causes of foodborne gastroenteritis in humans throughout the world. 
Human Campylobacteriosis cases are sporadic and the disease is characterized by 
self-limiting watery and/or bloody diarrhea, abdominal pain, and fever; however, 
severe conditions may occur if patients are immunocompromised. The high preva-
lence of Campylobacter in the intestinal tract of poultry results in contamination of 
poultry carcasses and poultry products. Handling and eating raw or undercooked 
poultry meat is considered a significant risk factor for human campylobacterio-
sis. To ensure food safety and prevent human campylobacteriosis, eradication of 
Campylobacter from the human food chains, especially poultry and poultry products, 
is indispensable.

Keywords: campylobacteriosis, Campylobacter infections, Campylobacter jejuni, 
Campylobacter coli, Campylobacter lari, poultry-born Campylobacter, public health,  
food safety

1. Introduction

Campylobacteriosis is a bacterial infection affecting both wild and domestic 
birds and is caused by thermophilic Campylobacter. Two important species of genus 
Campylobacter, that is, C. jejuni and C. coli are responsible for producing disease in 
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birds. Campylobacter species are gram-negative rod-shaped bacteria. Campylobacter is 
an enteric organism that inhabits the intestinal tract of birds and is excreted through 
feces [1]. The disease is primarily spread horizontally, and vertical transmission 
is thought to be quite uncommon. It is a significant zoonotic infection that causes 
diarrheal sickness in humans when consumed through tainted meat, food, and water. 
Human intestinal campylobacteriosis symptoms include fever, diarrhea, and stomach 
pain. The clinical course of enteritis usually resolves on its own, but some infected 
people experience severe post-infectious complications such as autoimmune diseases 
that affect the brain system, joints, and intestinal tract. Moreover, systemic pathogen 
spread in immunocompromised people might result in circulatory disorders and 
septicemia [1].

As a pathogen, Campylobacter is extremely important for both public health and 
food safety. Human campylobacteriosis is typically caused by C. jejuni, followed 
by C. coli, and less frequently, C. lari. Treatment failures in human patients have 
been caused by the development of resistance in many avian Campylobacter isolates 
to antibiotics such as macrolides and fluoroquinolones [2]. Campylobacter infec-
tions are estimated to cost society several billion dollars yearly in socioeconomic 
expenses.

Major human infection sources include poultry meat products. To lessen the 
burden of campylobacteriosis, public health authorities, veterinarians, doctors, 
researchers, and legislators must work together under the guiding principle of 
“One World—One Health” [3, 4]. Improvements in information dissemination to 
strengthen hygiene measures for agricultural remediation are among the innovative 
intervention regimes for the prevention of Campylobacter contaminations along 
the food chain. Novel intervention tactics strengthen both the decrease of pathogen 
contamination in food production and the treatment of the related disorders in 
people because it is not possible to completely eradicate Campylobacter from the food 
 production chains [2].

2. Epidemiology of Campylobacter infections

2.1 Incidence and distribution

Campylobacteriosis has been reported to be prevalent in both domestic and 
wild birds but the former is considered to be more affected [5]. The possible reason 
might be that transmission among domestic birds, especially commercial poultry, 
is high due to more number of birds in a unit area. Different factors in commercial 
farming may affect the occurrence of campylobacteriosis, including the type 
of farming, housing system, region, and biosecurity measures. It has also been 
reported that the prevalence of campylobacteriosis is high in months in which the 
temperature is high, resulting in a higher population of flies and higher flies-medi-
ated transmission [6]. Developing countries and European countries are considered 
to have a high prevalence of the disease as compared to Scandinavian countries [7]. 
The age of the birds, irrespective of the species and production system, is related 
to the occurrence of the disease and it being less likely to occur in birds of less than 
2–3 weeks of age. The occurrence of C. jejuni isolates among other Campylobacter 
species is high followed by C. coli and C. lari [8]. The isolation of other species 
of Campylobacter, including C. upsaliensis and C. hyointestinalis, is very low from 
poultry [1, 5].
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2.2 Transmission, carriers, and vectors

Horizontal transmission is the most common mode by which transmission of 
campylobacteriosis takes place. Vertical transmission does not occur or occurs 
very rarely. The possible sources for horizontal transmission from the environ-
ment to poultry include contaminated water [9], litter especially old litter [10], 
farm workers [11], contaminated footwear, insects [12], wild animals [13] 
especially rodents [14], farm animals [15], scavenger birds [16], feed contami-
nated with feces of chicks [15], house flies [17], visitors, and various types of 
equipment.

Campylobacter is usually excreted through feces, which may contaminate the feed 
and litter. Survival of Campylobacter in a litter depends upon temperature, moisture, 
and pH [18, 19], although Campylobacter can survive in the litter for a minimum of 
10 days at 20°C [20]. An infected water supply may also result in the spreading of the 
disease among the flocks. Insects such as houseflies, darkling beetles, cockroaches, 
and mealworms play an important role as a mechanical vector in the transmission of 
Campylobacters [21, 22].

3. Pathobiology of Campylobacter infections

3.1 Incubation period

The incubation period of Campylobacter ranges from 2 to 5 days in avian 
species. Birds can be infected by Campylobacter naturally, and experimental 
infection of Campylobacter can also be produced in birds but mostly the clinical 
signs are not visible. The appearance of clinical signs especially gastrointestinal 
signs is related to the age of the host. Chickens experimentally infected with 
Campylobacter on the first day, 12 hours post-hatching, resulted in the appearance 
of diarrhea while no clinical manifestation of campylobacteriosis was observed in 
3-day-old chicks that were infected with 109 organisms [23]. In a day-old chick, 
a dose of as low as 2 cfu, has been established for Campylobacter colonization 
[24]. Chickens aged between 2 and 3 weeks of age, reared at commercial farms, 
have not been shown to be infected by Campylobacter infection and it may be 
associated with the presence of maternal antibodies [25, 26]. Flocks infected with 
Campylobacter specifically C. jejuni will shed the organism for at least 12 weeks of 
age [27]. The shedding may continue for 42 weeks in the breeder birds [28]. The 
incubation period of Campylobacters in humans is from 2 to 4 days but can range 
from 1 to 10 days [29].

3.2 Clinical signs and pathological lesions

Under natural conditions, clinical signs are not observed in poultry infected 
with Campylobacter. Clinical signs, including weight loss and diarrhea, have 
been reported in young birds that have been experimentally challenged with 
Campylobacter infection [30], and diarrhea may last for 7–14 days. The gastrointes-
tinal tract was reported to be the site where minimal microscopic and pathological 
lesions were observed in experimentally infected birds [31]. Gross lesions observed 
in chicks infected by Campylobacter included mucus and fluid-filled distended 
jejunum [32] and petechial hemorrhages of the mucosa [23]. The microscopic 
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lesions include edema of mucosa and submucosa of the GIT, especially in the 
cecum [23] and Campylobacter may be found attached to the brush border of 
enterocytes [32]. In severe conditions, the intestinal lumen may be filled with 
erythrocytes and leukocytes due to mononuclear infiltration of the submucosa and 
villous atrophy [23].

Consumption of raw milk, non-chlorinated or contaminated surface water, 
and ingestion of raw or undercooked poultry or red meat are some of the ways that 
humans might contract Campylobacter infections. Close contact with sick pets in a 
household setting can also result in human Campylobacter infections [33]. Shigella 
and Salmonella infections can sometimes be difficult to distinguish clinically from 
Campylobacter infections [34]. The mechanisms of Campylobacter survival and infec-
tion are poorly known, but when it colonizes the ileum, jejunum, and colon, it can 
occasionally result in infection with or without symptoms. The transmission cycle of 
Campylobacter infections is shown in Figure 1.

Human gastroenteritis is frequently brought on by Campylobacter, however, 
the infection can also develop beyond the intestines. Two forms of Campylobacter 
infections exist, that is, gastrointestinal infection (GI) and extragastrointestinal 
infection (EI). Diarrhea is typically a symptom of gastroenteritis, an inflamma-
tion of the gastrointestinal tract that affects the small intestine and stomach. 
Campylobacter is one of the four major bacterial causes of gastrointestinal 
illnesses worldwide [35]. Moreover, it is a significant and frequent cause of 
children’s diarrhea and traveler’s diarrhea [36]. Reactive arthritis, Guillain-Barre 
syndrome (GBS) [37], bacteremia, septicemia, septic arthritis, endocarditis, 
neonatal sepsis, osteomyelitis, and meningitis are among the extragastrointesti-
nal illnesses linked to Campylobacter infections [1]. Other extragastrointestinal 
post-infections linked to Campylobacter infections include severe neurological 
dysfunction,  neurological abnormalities, and paralysis resembling polio in a rare 
number of patients [35].

Figure 1. 
The transmission cycle of Campylobacter infections.
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3.3 Pathogenesis of the Campylobacter infections

The ability of Campylobacter to survive outside the gut is very low and it does not 
replicate outside the gut [38] and temperature ranging from 37 to 42°C is suitable for 
its growth. Thus, a chicken’s body temperature (41–42°C) is suitable for the growth 
and survival of Campylobacter [39]. Campylobacter species gain entry into the body of 
the bird via the fecal-oral route and colonize the caecum, cloaca, and distal jejunum 
[40]. The most probable site for the colonization of Campylobacter are the crypts 
of the cloaca and cecum but it may be found in minute levels in the small intestine 
and gizzard. The colonization of Campylobacter in the intestine of birds is affected 
by various factors [41]. Colonization of intestinal epithelium is accomplished by 
chemotaxis with the help of chemoattractants, including mucin and L-Fucose [42]. 
Flagellum helps the organism in its movement in a viscous fluid and helps it in colo-
nizing the intestinal mucosa. Different outer membrane proteins and LPS have been 
associated with adhesion and invasion. After colonizing the intestinal epithelium of 
the intestine, CLT (cholera-like-toxin) and cytotoxin result in tissue damage leading 
to inflammation followed by leakage of serosal fluid [38].

4. Public health significance of campylobacteriosis

Campylobacteriosis is continuously a serious public health concern, especially 
in developing countries. The incidence of campylobacteriosis is substantially 
increased in the last couple of decades with a high morbidity rate and significant 
infant mortality. Moreover, emerging new species and antibiotic resistance in 
most common species, including Campylobacter jejuni are additional challenges 
in the control of Campylobacter infections [43]. A serious methodological effort 
is required for public awareness and disease control with the involvement of all 
stakeholders. Primarily, a continuous ongoing surveillance program is required 
with proper laboratory infrastructure for the diagnosis along with fundamental 
and effective enteric disease control programs, especially in developing countries. 
Further, a systematic approach is required to control Campylobacter infections, 
including proper monitoring of disease burden, source attribution, risk assess-
ment and management, surveillance of antimicrobial resistance, and assessment of 
possible control measures. However, thermophilic Campylobacter is ubiquitously 
present, but most recent outbreaks were commonly associated with water and food 
cross-contamination with animal shedding. Although, animals are asymptomatic 
carriers of Campylobacter, cross-contamination of the food chain with animal waste 
at the different stages of slaughtering, processing and marketing, direct human 
contact with pets, and contamination of drinking water with animal excreta possi-
bly lead to disease outbreaks in human [3]. Indeed, Campylobacter spp. and sources 
of food chain contaminations should also be taken into account while developing 
disease control strategies.

4.1 Burden of the disease and risk assessment

The disease burden is difficult to predict in the case of campylobacteriosis. 
Population-based cohort studies are commonly used to estimate the disease burden, 
especially in developed countries. According to the two population-based cohorts, the 
incidence of gastroenteritis due to Campylobacter spp. was one out of seven and one 
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out of four people in the UK and Netherlands, respectively [43]. Cohort-based studies 
are more common than population-based studies.

Campylobacteriosis accounts for 7.5 million DALY (disability-adjusted life years) 
or 8.4% of the global burden of diarrheal diseases, according to the Global Burden of 
Disease (GBD) project, and ranks fourth among identified pathogens after rotavirus 
(18.7 million DALY), typhoid fever (12.2 million DALY), and cryptosporidiosis 
(8.3 million DALY) [44]. Estimating disease burden enables the implementation of 
potential biosafety or control measures as well as the evaluation of the disease and/or 
outbreak situation in specific population areas.

4.2 Source attribution and risk assessment of Campylobacter infections

The disease source and transmission routes are also assessed with microbial 
source attributions. Campylobacter spp. are isolated from human infections, and 
gene sequences are compared with Campylobacter spp. isolated from food and 
environmental sources. Similarly, a multilocus sequence typing (MLST) is used 
for the source attribution in the epidemiological investigation of rural and urban 
populations of New Zealand [45] and the United Kingdom [46], which indicated 
that both populations have different epidemiological patterns of Campylobacter. 
The cost of annual disease attribution is still very high. According to an estimate, 
the annual attribution cost of Campylobacter infections among other diarrhoeal 
diseases in the USA is approximately 1.2–4 billion USD per year [47, 48] and 2.4 
billion EUR in the EU [49]. Therefore, the estimation of disease burden is constantly 
becoming an important parameter to assess disease risk and to develop an effec-
tive health care policy. However, a unified and consistent risk assessment plan is 
extremely desirable in campylobacteriosis. Previously, cross-contamination of the 
food chain with Campylobacter from poultry carcass has been successfully estimated 
with two mathematical risk assessment models [50], which indicates that human 
incidence of Campylobacteriosis is reduced up to 30 times with 2 log reduction of the 
Campylobacter number on poultry carcass. However, a unified accurate quantitative 
risk assessment model is difficult to develop in this disease due to the continuous 
emergence of genetic variation in Campylobacter spp., the subsequent diverse range of 
virulence, and different host-immune defenses [3]. However, several previous studies 
indicate that cross-contamination of the food chain from poultry carcasses is the most 
common source of human infections of Campylobacter. The control of poultry-born 
Campylobacter cross-contamination in the food chain can be one of the potential 
control measures to reduce the human incidence of campylobacteriosis.

4.3 Risk management and control measures

The risk management plans should be implemented according to the species of 
Campylobacter infections, disease source, and risk assessment recommendations. The 
reduction of bacterial numbers in poultry carcasses, the most common cause of cam-
pylobacteriosis, can be achieved with strict biosecurity measures in poultry flocks, 
appropriate slaughtering procedures, and hygienic meat processing methods. On 
other hand, bacteriophage can also be used to reduce pathogenic bacterial numbers 
in food chains. Previously, the reduction of bacterial count in the food chain up to the 
magnitude of two has been successfully achieved by the application of bacteriophage 
[51]. Additionally, physical and chemical decontamination and disinfection methods 
can also reduce the bacterial number in poultry carcasses and subsequently incidence 
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of campylobacteriosis. Further, the continuous surveillance of Campylobacter spp. 
against different antimicrobial agents should also be monitored and the impact of 
antimicrobial use should also be regularly assessed in the risk assessment and disease 
attribution process [52]. Public health authorities should also introduce public aware-
ness programs about different sources of Campylobacter infections, health impacts, 
and possible control or safety measures. The increasing incidence of campylobac-
teriosis in developing countries [53] further indicates the need for accurate disease 
surveillance along with strict food safety regulations followed by alleviation strategies 
to control Campylobacter infections in these areas. The economic burden to imple-
ment mitigation strategies is an additional hitch in the control of campylobacteriosis 
in these countries. However, a hygienic food chain supply, safe contact with pet ani-
mals, and public awareness program about Campylobacter infections can collectively 
improve the epidemiological prevalence and public health in developing countries.

5. Conclusion

It is concluded that consuming contaminated meat, food, and water cause human 
Campylobacter illnesses. Since the organism is zoonotic, veterinary and human medi-
cine must work together under the “one-health” tenet to develop efficient and better 
methods for preventing and controlling infections in both human and animal popula-
tions. For a better understanding of the origins of infections, DNA-based investiga-
tions should be employed to ascertain the genetic relatedness of human and animal 
Campylobacters for developing better prevention and control strategies. Continuing 
research and surveillance are required to better understand the patterns and trends 
of antibiotic resistance in Campylobacter isolates collected from both humans and 
animals. Exploration of environmental Campylobacter reservoirs and related risk 
factors for human and animal infections with Campylobacter is also necessary.
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Chapter 6

Quorum Sensing in Biofilm
Zahra Sedarat and Andrew W. Taylor-Robinson

Abstract

Quorum sensing (QS) is a complex system of communication used by bacteria, 
including several notable pathogens that pose a significant threat to public health. The 
central role of QS in biofilm activity has been demonstrated extensively. The small 
extracellular signaling molecules, known as autoinducers, that are released during 
this process of cell-to-cell communication play a key part in gene regulation. QS is 
involved in such diverse intracellular operations as modulation of cellular function, 
genetic material transfer, and metabolite synthesis. There are three main types of QS 
in bacteria, metabolites of which may form the target for novel treatment approaches. 
The autoinducing peptide system exists only in Gram-positive bacteria, being 
replaced in Gram-negative species by the acyl-homoserine lactone system, whereas 
the autoinducer-2 system occurs in both.

Keywords: bacterium, gram-positive, gram-negative, biofilm, quorum sensing, 
quorum quenching, autoinducer, accessory gene regulator, acyl-homoserine lactone, 
LuxS, luminescence, Staphylococcus aureus, Vibrio fischeri, Vibrio harveyi

1. Introduction

More than half a century ago, pioneering experiments performed on Streptococcus 
pneumoniae discovered the existence of bacterial communication through hormone-
like molecules that were later defined as peptides [1, 2]. These findings were accom-
plished by studying Vibrio fischeri, which is able to produce luminescence at high 
levels of cell density. The luminous system in this marine bacterium is characteristi-
cally self-regulated and is provoked at a threshold level of signal molecules. This 
so-called “autoinduction” provides an environmental sensing mechanism [3]. Known 
as “quorum sensing,” this type of regulation is a form of information sharing used by 
bacteria through intercellular communication to regulate gene expression. This pro-
cess is described in many Gram-positive and Gram-negative bacteria. It is facilitated 
via autoinducers (AIs) or extracellular signaling molecules that produce, release, and 
detect as well as respond to them [4]. By increasing bacterial cell density, accumulated 
AIs in the outer cell will lead to changes in gene expression. This communication is 
detected in inner species and also between species. Among multiple cell activities that 
are under the control of QS, biofilm formation, virulence factor formation, sporula-
tion, motility, conjugation, symbiosis, competence, and sporulation are each of note 
[5–8]. In addition, a number of studies have shown the key role of quorum sensing in 
metabolic processes, involving a high portion of the bacterial genome (corresponding 
to more than 20% of the proteome) that facilitates adaptation to metabolic needs [9]. 
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The bacteria belonging to the same colony may exhibit heterogenous phenotypic 
behavior in order to respond to environmental fluctuations and interbacterial inter-
actions. These are coordinated with each other via quorum sensing, which adapts 
bacterial traits and behaviors (both group and individual) to ensure their compatibil-
ity [10]. In short, QS plays a fundamental role in production, detection, and response 
to AIs [11].

In the QS system used by various bacteria, there are differences in terms of target 
genes, types of chemical signal molecules, and mechanisms [8]. Emerging evidence 
points to several types of signaling molecules, including methyl dodecanoic acid, 
N-acyl homoserine lactones (AHLs), furanosyl borate, oligopeptides, and hydroxy 
palmitic acid methyl ester [12]. Although there are multiple QS systems described in 
bacteria, these are broadly categorized into three groups that we will describe in detail 
in this chapter. The first major group belongs to Gram-negative bacteria and uses 
AHLs as the signaling molecule [6]. The second group, only found in Gram-positive 
bacteria, utilizes small, processed oligopeptides [8]. The third group, in which 
autoinducer-2 (AI-2) is produced, applies to both Gram-positive and Gram-negative 
bacteria and has been reported in over 55 species [13].

1.1 Quorum sensing in Gram-negative bacteria

Some characteristics of QS are common to Gram-negative bacteria. The main 
feature is the ability of AHLs and s-adenosylmethionine-synthetized molecules to 
diffuse within the bacterial membrane. The receptors for these are located either 
in the cytoplasm or on the inner membrane. Additionally, numerous cell processes 
are affected by QS, which directly modifies the relevant genes [14, 15]. Different 
types of autoinducers are used by Gram-negative bacteria, whereas the most com-
mon type, Acyl-HSL, is found in many bacterial species [14, 16, 17]. The AHLs (lux 
operon) were first described in Vibrio fischeri, which will be discussed as a model in 
this section [18]. An important reason why V. fischeri QS is suitable to study is its high 
sensitivity to AIs, which means it is activated even when they are at low levels [19–21].

In general, AHL-mediated QS involves either LuxI or LuxR proteins [22]. These 
are engaged in multiple cell functions including biofilm formation, pathogenesis, 
antibiotic production, and genetic competence. Hence, LuxI-LuxR is considered an 
excellent research model [23]. Indeed, the operon LuuxICDABEG is activated by 
LuxR [22]. More than 20 LuxR analogous families exist in Gram-negative bacteria, 
of which LuxR is the most studied [24]. LasI and EsaI in Pseudomonas aeruginosa and 
Pantoea stewartii, respectively, are of note [25, 26].

LuxR should first be activated by the AIs, N-(3-oxohexanoyl)-L-homoserine 
lactone (abbreviated to 3-oxo-C6-HSL). This is a diffusible signal catalyzed 
by a 193-amino acid protein that is encoded by LuxI from a precursor of host 
metabolism (s-adenosyl methionine) as well as a cofactor acyl carrier protein. In 
addition to 3-oxo-C6, the other products of LuxI, are apo-ACP and 5′-methylthio-
adenosine [8, 22, 24, 27, 28]. Thus, in the presence of AI (3-oxo-C6), LuxR activates 
LuxICDABEG operon expression, and overexpression of LuxR will be followed too 
[29]. The C-terminal region of LuxR is responsible for DNA-binding as well as RNA 
polymerase interaction (resulting in activation of the Lux promotor), whereas the 
N-terminal binds to AIs [30–32].

Other parts of the Lux operon are associated with diverse activities. LuxAB is in 
charge of encoding luciferase (a heterodimer of two subunits, alpha and beta). LuxC, 
LuxD, and LuxE are responsible for encoding aldehyde substrate, whereas LuxG 
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regenerates FMNH2 from FMN [24, 33, 34]. In this regard, luciferase and flavin-
dependent monooxygenase, which produce light photons from chemical energy via 
catalyzing a bioluminescent reaction, facilitate an enzymatic reaction to produce 
aliphatic acid (RCOOH) as well as FMN from substrates including FMNH2, O2, and 
long-chain fatty acids (RCHO). In this way, bacteria regulate luminescence produc-
tion in light organs of fish at high cell density and switch on lux genes (Figure 1) 
[34–37].

Lastly, an intergenic region known as Lux box (a 20-bp palindromic sequence) 
is located inside the LuxI promoter within 42.5 bp of the LuxICDABEG operon start 
site. This acts as a transcriptional activator that is responsible for the overexpression 
of the LuxI promotor [38–40]. Although the Lux box plays an essential part in lumi-
nescence gene activation, its precise role and structure remain to be identified [39].

1.2 Quorum sensing in Gram-positive bacteria

Autoinduction by Gram-positive bacteria is achieved via autoinducer peptides 
(AIPs) that require postproduction processing. AIPs are not permeable and require 
carriage across the host cell membrane by transporter proteins [41–43]. Additionally, 
two types of transcription factors are recognized, Rgg and RNPP, the latter of which 
is found in all Gram-positive bacteria and is equipped with a binding domain that 
facilitates its binding to signaling peptides [44].

In the model bacterium Staphylococcus aureus (Figure 2), there are four types of 
two-component regulator system, namely, agrAC, saeRS, arlRS, and srrAB. Of these, 

Figure 1. 
Lux quorum sensing system in Vibrio fischeri. Autoinducers (AIs) are synthetized by LuxI which later attaches 
to the LuxR protein at threshold concentration. LuxR protein acts as receptor and its complex with AIs raises 
LuxI gene expression and thus AI production. AIs diffuse through the cell membrane and thereby activate LuxR 
protein. LuxCDABEG encodes the structural components of light production in which LuxAB encodes luciferase. 
Bioluminescence and light production happen after oxidation of RCHO and FMNH2. Production of fatty acids 
and activation of fatty acyl groups are functions performed by LuxD and LuxC, respectively. Activated fatty acyl 
groups are then reduced to long-chain aldehydes by LuxE. Recycling of components such as fatty acids as well as 
FMN, which is produced as a result of the luciferase reaction, are carried out by LuxC/E and LuxG, respectively.
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accessory gene regulator (agr) and sae are capable of sensing environmental stimuli, 
whereas arlRS is thought to play a part in antibiotic resistance as well as autolytic 
activity. The last two-component system, srrAB, has a role in energy metabolism and 
RNAIII inhibition [45]. In addition, agr is responsible for controlling virulence factor 
gene expression by S. aureus. The agr locus is a density-dependent system, composed 
of two QS components [46]. There are four main subgroups of agr, each of which 
produces a distinctive AIP. Meanwhile, a two-component system comprising agrA 
and agrC is responsible for AIP identification. These AIPs are similar in terms of 
thiolactone ring structure but differ in amino acid sequence. Moreover, QS is regu-
lated via the agr locus, which comprises two transcripts, RNAII and RNAIII. Their 
expression is induced via P2 and P3 promotors, respectively [45, 47–51]. Activation 
of agr is not limited to AIPs, as additional proteins such as SarA, SrrAB, and other 
environmental factors can also activate the system [52, 53]. Initially, when S. aureus 
population density is not sufficiently high to induce agr expression, colonization 
occurs through the production of surface proteins, followed by agr expression upon 
increasing cell density. Therefore, agr timing adaptation is an indicative of infection 
progression [54, 55].

In the agr system, RNAIII has an important function as an intercellular effector in 
controlling target gene expression. It also controls other virulence factors, including 
protein A, Rot protein, leukocidins, enterotoxins, and alpha toxin [50]. Moreover, 
the four genes agrB, agrC, agrD, and agrA are located in the RNAII operon. Initially, 
agrD encodes a 46-amino acid peptide (pro-AIP), which is later processed to yield 
a 9-amino acid residue. This AIP precursor undergoes modification to C-terminal 
cleavage before exportation from the cell via agrB (a transmembrane endopeptidase). 
AIP signaling molecules are released into the extracellular environment and have 

Figure 2. 
agr quorum sensing system in Staphylococcus aureus. Autoinducer peptides (AIPs) are produced from the agrD 
precursor by agrB. Mature AIPs are then exported outside the cell till their concentration reaches a threshold when 
the two-component system (agrC/agrA) becomes activated. Afterwards, agrA is phosphorylated, enabling it to 
activate transcription of the P2 and P3 promotors (upregulation). Also, agrA is involved in encoding phenol-
soluble modulin peptides (via increasing transcription of psmα and psmβ operons). RNAIII is responsible for 
regulation of most agr targets as well as delta-toxin (hld).
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accumulated there until a threshold concentration is reached when they are detected 
by specific sensors. agrC, a transmembrane histidine kinase protein, is phosphory-
lated and attaches to AIPs, thereby enabling gene regulation in QS to be followed. 
This is also responsible for the activation of agrA, which is a response regulator 
[8, 49, 50, 56, 57]. In an autofeedback cycle, upregulation of RNAII and RNAIII 
transcription is driven by the binding of agrA to P2 and P3 promoters, respectively 
[50]. In short, the simultaneous activation of agrA and agrC, which act as transcrip-
tion factors for RNAIII, induces the RNAII operon [49, 58]. Upon activation, RNAIII 
can trigger the production of alpha toxin. Meanwhile, the RNAIII is able to quench the 
expression of certain surface virulence factors (including coagulase, peptide A and 
FNPA, B; [59].

A further activation pathway has been reported in various Gram-positive bacteria. 
This involves interaction between signaling molecules and receptors inside the cell, 
after which the expressed products are transported to the external environment 
[60, 61]. This is exemplified by Enterococcus faecalis, in which the interaction between 
peptides and PrgX proteins alters the activity of conjugative plasmids [62, 63] and 
by Phr peptides acting as phosphatase inhibitors in Bacillus species [62, 63]. Finally, 
a strong relationship between agr and σB, a biofilm formation regulator, has been 
identified [64]. Formation and dispersal of biofilm are associated with the downregu-
lation and upregulation of agr, respectively [65, 66].

1.3 Autoinducer-2 in Gram-positive and Gram-negative bacteria

AI-2 is found in both Gram-positive and Gram-negative bacteria, where it 
facilitates intra- and inter-species communication [67, 68]. AI-2 signals have been 
described as providing an “interconversion nature”, meaning that this molecule is 
utilized by different bacteria as a universal tool for communication [68]. Support for 
this notion comes from the observation that, unlike for single-species oral biofilm for-
mation, in mixed populations of Porphyromonas gingivalis and Streptococcus gordonii, 
LuxS expression by each species is required. Further evidence shows that if there is a 
deficiency of Streptococcus mutans, other species of oral bacteria supplement with luxS 
mutation in biofilm formation [69].

In this system, the enzyme LuxS catalyzes the synthesis of AI-2 or its precursor 
4,5-dihydroxy-2,3-pentanedione [70]. Two receptors, LuxP (a periplasmic-binding 
protein) and LsrB, are detected. Biofilm formation, virulence factor production, and 
other density-dependent phenotypes are attributed to the former, with delivery of 
AI-2 into cells ascribed to the latter [67, 70, 71]. They differ in structure, exempli-
fied by LuxP-AI-2 in Vibrio harveyi being composed of furanosyl borate diester, 
whereas LsrB-AI-2 in Salmonella typhimurium lacks boron [71, 72]. Molecular analysis 
indicates that the type of AI-2 varies with bacterial species [72]. Multiple bacteria 
have been identified that can react to AI-2, including Staphylococcus epidermidis, 
Helicobacter pylori, Bacillus subtilis, Pseudomonas aeruginosa, Campylobacter jejuni, S. 
mutans, and Listeria monocytogenes [73–79]. To date, most information on this system 
comes from V. harveyi [69], for which three-channel quorum sensing is proposed, 
involving AI-1, AI-2 and, cholerae AI-1 [80].

The V. harveyi protein LuxQ has a cytoplasmic histidine-kinase domain, a 
response regulatory domain, and a periplasmic sensor domain. Interestingly, upon 
binding to the AI-2, LuxQ functions as a kinase and as a phosphatase at low and high 
cell densities, respectively [70, 81]. Another protein known as LuxP is able to modify 
LuxQ activity (through a histidine-kinase sensor), and it is this union that regulates 
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the AI-2 QS regulon (Figure 3) [70, 82]. Following the conversion of LuxQ activity 
from kinase to phosphatase via the transmembrane sensor histidine kinase, LuxP 
bound to AI-2 regulates gene expression of phenotypes such as biofilm formation and 
bioluminescence [67, 70, 83].

2. QS and biofilm

Multiple factors benefit bacterial colonies that adopt a multicellular lifestyle rather 
than remain planktonic. Bacterial cells embedded within biofilm are protected from 
detrimental factors, whereas nutrient-deficient conditions and hostile environments 
are both noted among driver factors for biofilm production [84]. A crucial component 
of mature S. aureus biofilm is the extracellular matrix. This is composed of eDNA, 
polysaccharide intercellular adhesin, and other proteins. It is the most stable, thus, a 
problematic stage to treat. To reduce biofilm mass, detachment follows, in which QS 
as well as nuclease and protease enzymes play a significant part [85–88]. The cell-to-
cell signaling of QS pertains to all biofilm formation stages. A key role in the initiation 
is the communication between bacteria through the detection of AIPs [89]. Chronic 

Figure 3. 
AI-2 quorum sensing system in Vibrio harveyi. The three autoinducers HAI-1, AI-2 and CAI-1 are synthesized 
by LuxM, LuxS and CqsA, respectively. LuxS produces AI-2 by converting S-ribosylhomocysteine (SRH) to 
dihydroxypentane-2,3-dione (DPD) in the cell cytoplasm. This occurs when LuxS participates in the activated 
methyl cycle, which generates and recycles methyl donors. DPD is a by-product of the LuxS reaction that produces 
SRH. Later, DPD undergoes cyclization and rearranges without enzymatic support to produce AI-2 prior to 
export across the outer membrane. A two-component signal regulator is responsible for the responding pathway 
in vibrio spp., while for Salmonella enterica this is identified as an ABC transporter. In V. harveyi, furanosyl-
borat-diester and periplasmic LuxP together form active AI-2, inducing phosphatase activity in LuxQ. This 
leads to phosphate transfer from LuxU to LuxO, which is the response regulator. Finally, several cell changes take 
place, including bioluminescence. In contrast, when cell density is low and there is no AI-2, phosphorylated LuxO 
as well as σ54 produce small regulatory RNAs. Their interaction with LuxRVh mRNA causes destabilization of 
Hfq-dependent chaperone proteins. This results in suppression of transcription of the lux operon and a reduction 
in bioluminescence. Meanwhile, dephosphorylated LuxO, the level of which increases in the presence of AI-2, 
reverses the flow of phosphate.
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infection of S. aureus as well as biofilm formation is linked with low activity of agr QS 
[50]. In vivo studies have demonstrated the importance of the agr system to disease 
progression. Although upregulation by agr has a role in acute infections, downregula-
tion is involved in biofilm formation [66, 90, 91]. In the dispersal stage, which is 
directly under-regulation of agr, isolation of new cells is ascribed to P3 promoters 
via the production of proteases and glucose depletion [92]. Hence, there is a direct 
relation between QS activation and the transition between biofilm and planktonic cell 
lifestyles. Thus, it remains to be determined whether QS quenching results in biofilm 
blockage [93, 94].

3. Anti-QS approaches

Because of widespread heightened antimicrobial resistance, the conventional 
means of treating bacterial infection, antibiotic therapy, is now increasingly impracti-
cal, such that alternative approaches are being considered [95]. The presence of bio-
film, efflux pumps, and persister cells each exacerbate drug resistance [96]. Targeting 
QS by disturbing cell-cell communication is a way to combat biofilm [97]. Moreover, 
the effectiveness of different potential inhibitors against QS has been reported [98]. 
Various strategies are proposed to disrupt QS, including receptor inactivation, signal 
inhibition (by natural or synthetic inhibitors), signal degradation by quorum quench-
ing enzymes, blocking QS by antibodies, and applying antibiotics as a cotreatment 
[98, 99].

Targeting AIPs is a good way of treating QS and considerable effort has been made 
to date to find inhibitors [100]. A known approach suggested in this context is to 
cope with RNAIII, due to its key role in QS. Reportedly, RNAIII inhibitory peptides 
(RIPs) have shown inhibitory effects on agr and biofilm. It is believed that target-
ing this molecule will diminish the production of some virulence factors and toxins 
[101, 102]. Similarly, based on the inhibition of agr of another subgroup [103], natural 
and synthetic AIPs may be introduced as potential inhibitors. Different inhibitors 
include nonpeptidic (P3 inhibitor) and synthetic molecules, cyclic dipeptides (from 
Lactobacillus), ambuic acid (a fungal extract), licochalcone A (LicA, a plant extract), 
antivirulence agents such as naphthalene and biaryl compounds, organic compounds 
(by interfering with agr-DNA binding), and savirin (S. aureus virulence inhibitor). 
Each of these actively inhibits QS in S. aureus [104–110]. Monoclonal antibodies, 
applied as both passive and active immunotherapeutic regimens, have also yielded 
promising results [49]. Collectively, many approaches that target agr and AIPs have 
been tested. Targeting AIPs via extracellular therapy is advantageous over targeting 
agr, as complications of intercellular therapy such as degradation do not arise.

Another treatment approach for Gram-negative bacteria is based on phenolic com-
pounds. When tested extensively against AHL QS in P. aeruginosa, the novel phenolic 
derivative GM-50 reduces biofilm-related virulence, thereby enhancing antibiotic 
efficacy [111]. In addition, food-associated bacteria such as lactobacilli can exploit 
antibiofilm activity by interfering with AHL QS [112]. The efficacy of probiotics 
against QS has been indicated in previous studies. Presumably, they exert their effects 
via secretion of metabolites and microencapsulation [113, 114].

Targeting AI-2 lessens the pathogenicity of different bacterial species [115]. 
Various natural products such as D-galactose and furanocoumarin (reducing AI-2 
synthesis), apigenin, hexadecenoic acid, and citral have shown promise at inhibiting 
V. harveyi QS [116–120]. In terms of chemicals, halogenated furanones are effective 
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against AHL and AI-2, subsequently affecting biofilm formation [121]. In C. jejuni, 
two fatty acids, decanoic acid and lauric acid, were found to be useful against AI-2 
at 100 ppm (preventing 90% of AI-2 activity). As a result, biofilm formation and 
motility of the bacterium were reduced substantially [115]. Similarly, different 
naturally occurring compounds including monoterpenoid glycosides, emodin, and 
antimicrobial peptides showed satisfactory inhibition of LuxS/AI-2 in Streptococcus 
suis [122–125].

Currently, there is no drug approved for clinical use, although research and devel-
opment efforts are continuously making progress toward this goal. As a consequence 
of administering anti-QS drugs, bacterial virulence (selective pressure will result in 
no further negative implications) applied should decrease, which is of great impor-
tance when seeking novel, effective treatments [111, 126].

4. Conclusions

The complex adaptive regulatory system of QS stands out as the most pivotal 
mechanism of pathogenicity exhibited by bacteria [127]. Regarding therapy, because 
of the emergence and widespread prevalence of antibiotic resistance, cotreatment 
with alternatives as well as surgical removal of infected tissue surrounding implanted 
medical devices, is being increasingly used. Quenching and inhibitory substances 
suppress the virulence and pathogenicity of those bacterial pathogens that use QS. 
Because QS has a critical role in many physiological behaviors such as biofilm forma-
tion, exoenzyme secretion, siderophore functioning, membrane vesicle formation, 
swarming, and sporulation, QQ is becoming a popular strategy [128]. Thus, an 
in-depth knowledge of biofilm, sensitive antibiotics, penetration, and anti-QS agents 
will help to inform antimicrobial therapies to overcome biofilm infection [129].

Multiple activities of anti-QS agents have been identified, for instance, QS recep-
tor inactivation, QS signal inhibition, degradation of QS signals, and antibodies to 
block QS, as well as combination therapies such as flavonoids or immucillin A in P. 
aeruginosa, lactonase in Acinetobacter baumanni, AP4-24H11 in S. aureus, and farensol 
with ß-lactamase antibiotics in S. aureus [130–134]. Given this premise, a QS inhibitor 
can modulate gene regulation via either of two strategies: interposition with signal 
generation and signal reception [135, 136]. Notably, many QS inhibitors, such as 
furanones and halogenated and acylated furan structures, are improved by competing 
with the AHL pheromone in P. aeruginosa [137, 138]. Furthermore, RIPs have shown 
promise against S. aureus [139].

Negative aspects of disturbing the QS system should be considered. Inadvertent or 
unregulated modulation of microbiota through the use of QS quenching compounds 
or inhibitors may cause a disequilibrium of normal microflora. This concept devel-
oped as AI-2 molecules resemble bacterial presence to provide microflora [128, 140]. 
At the same time, pathogenicity tends to increase by applying quenching agents 
that may contribute to the long-term survival of S. aureus [141–144]. In particular, 
staphylococcal QS agr mutant strains tend to develop persister forms as well as raised 
biofilm production [143, 145]. A possible strategy is to apply QS quenching only in the 
absence of biofilm. This stems from the observation of applying selective pressure to 
preserve agr as a planktonic form rather than in biofilm [146].

An important clinical consideration is to determine the strain susceptibility and 
optimal form of treatment, otherwise, the patient’s condition may worsen [102].  
In addition, limitations and challenges should be carefully weighed. For example, in 
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S. aureus, the type of condition should be considered, as agr performs contrary roles 
in biofilm and chronic infection. Of note, most studies on QS drugs have been carried 
out using a single laboratory strain. Although such research models provide valuable 
information, it is challenging to extrapolate with confidence to clinical settings in, for 
instance, the case of AIPs in S. aureus, as species subgroups are identified. Finally, the 
selectivity and safety of QS inhibitors, while minimizing disturbance of microflora, 
are important factors for human usage. Designing a library of QS inhibitors and 
determining their IC50 values is a suggested area for future research.
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Appendices and Nomenclature

AI Autoinducer.
Agr Accessory gene regulator
AgrA Response regulator
AgrB Membrane-associated export protein, processes AgrD into AIP
AgrC Membrane-bound histidine kinase receptor
AgrD Propeptide gene for AIP
AHL Acyl-homoserine lactone
AIP Auto-inducing peptide
PIA Polysaccharide intercellular adhesin
QS Quorum-sensing
AI-2 Autoinducer-2
RIP RNAIII inhibitory peptide
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Abstract

Food poisoning is one of the main problems affecting public health. Bacterial
adhesion on surfaces has been documented for decades, and it is known that biofilm-
forming bacteria are much more resistant than planktonic cells. Typically,
nanosystems are studied regarding their antimicrobial activity (i.e., pathogenic
bacteria such as Campylobacter, Salmonella, Listeria monocytogenes, Escherichia coli
O157:H7, Staphylococcus aureus, Clostridium perfringens, Bacillus cereus, and Yersinia
enterocolitica), but not for antibiofilm activity and their associated genes. Some studies
established protein-ligand prediction concerning quorum sensing suppression,
commonly called quorum quenching. This chapter focuses on nanosystems or
functionalized nanomaterials that have demonstrated antibiofilm or quorum
quenching activity and, thus, establishes perspectives in modeling specific
nanosystems to eradicate biofilms produced by foodborne pathogens.

Keywords: nanosystems, quorum quenchers, food safety, biofilm formation
inhibition, molecular docking

1. Introduction

Foodborne diseases are a major public health concern, and one factor that has been
shown to contribute to their persistence and virulence is biofilm formation by
foodborne pathogens. Biofilms are complex structures composed of communities of
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microorganisms that can attach to surfaces and resist antibiotics and other antimicro-
bial agents [1, 2].

Many foodborne pathogens, such as S. aureus, Salmonella enterica, L. monocytogenes,
E. coli O157:H7, and Vibrio, can form biofilms. Biofilm formation by foodborne path-
ogens can occur in various settings, including food processing facilities and in the
human body during infection. Their capacity to form biofilms can contribute to
prolonged contamination of food processing surfaces, leading to outbreaks and sig-
nificant economic losses. In addition, biofilms can provide a protective environment
for the bacteria in the human body, making them difficult to eradicate and potentially
leading to recurrent infections [3].

Efforts to control biofilm formation by foodborne pathogens are important for
reducing the risk of foodborne disease. Strategies to prevent and mitigate biofilm
formation include proper cleaning and disinfection of food processing surfaces,
targeted use of antimicrobial agents, and development of new drugs that can disrupt
biofilm formation.

1.1 Biofilm formation

The biofilm formation process differs among bacteria, but the process generally
involves several stages [4]. Biofilms are formed by extracellular polymeric substances
(EPS) that may be composed of proteins, DNA, and polysaccharides [5, 6]. Some
bacteria can form this type of biofilm in situations of change or stress. A bacterial
community is formed with the ability to adhere to inert materials or living tissues. In
this microenvironment, the bacteria among themselves carry out a type of communi-
cation, or chemical signaling, that consists of the production of inducing molecules
[communication by autoinducers (AI)]. This type of signaling mechanism is known as
“quorum sensing.”. Quorum sensing (QS) communication occurs not only between
bacteria, but they can also associate a microorganism different from the initial species
through the biofilm; the other microorganisms will have the same genes that they
express for biofilm formation and thus be able to also resist the stress that initiated the
mutation, as shown in Figure 1 [7, 8].

Different structures and proteins are related to biofilm formation and stabilization,
whether Gram-positive or -negative bacterium is involved. These include lipopoly-
saccharides, exopolysaccharides, QS, teichoic acids, and others [9, 10].

The specific genes associated with QS and biofilm formation can vary between
foodborne pathogen species and strains; some examples are summarized in Table 1.

1.2 Quorum sensing and quorum quenchers

Quorum sensing, a process of cell-to-cell communication used by many bacteria to
regulate their behavior, has been identified as a potential target for combating
foodborne pathogens. Quorum quenchers (QQs) are compounds that can interfere
with QS, representing a promising strategy to control bacterial infections. In recent
years, the use of nanotechnology-based approaches, such as green synthesis of
nanoparticles, has been explored for synthesizing alternative QQs agents that can be
used against foodborne pathogens. Additionally, with the advent of computational
chemistry and molecular docking techniques, it has become possible to develop com-
putational models that can predict the interactions between QS and QQs.

The use of quorum quenchers has been an attractive approach to inhibit the
virulence and biofilm formation of bacteria, without killing them, thus reducing the
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risk of resistance development. There are different types of QQs, such as enzymatic
and non-enzymatic, based on different mechanisms of action:

1.Enzymatic QQs: These are enzymes that specifically degrade the signaling
molecules that mediate QS. Examples include lactonases, acylases, and
oxidoreductases. These enzymes can hydrolyze the acyl-homoserine lactones

Gene Microorganism
associated

Function

luxI and
luxR

Vibrio fischeri, E. coli,
S. enterica

Production and detection of quorum sensing signaling molecule acyl-
homoserine lactone (AHL).

lasI and
lasR

P. aeruginosa Control production and detection of N-(3-oxododecanoyl)-L-
homoserine lactone (3-oxo-C12-HSL).

rhlI and
rhlR

P. aeruginosa Control production and detection of N-butyryl-homoserine lactone
(C4-HSL).

agrA
and agrC

S. aureus Control production and detection of autoinducing peptide (AIP).

luxS Various Production of autoinducer-2 (AI-2).

csg and
bcs

E. coli, S. enterica, L.
monocytogenes

Production of curli and cellulose, respectively, which are essential
components of the biofilm matrix.

rpoS S. enterica, E. coli Encodes for the RpoS protein, involved in the regulation of stress
response and the formation of persistent cells in biofilms.

Table 1.
Genes associated with quorum sensing in Gram-positive and negative bacteria [11, 12].

Figure 1.
Biofilm formation and quorum sensing bacteria.
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(AHLs) or peptides, the most common QS molecules, into inactive forms that
cannot activate the QS machinery.

2.Non-enzymatic QQs: These are small molecules that can bind to QS signaling
molecules and prevent them from binding to their receptors or even degrade
them. Examples of non-enzymatic QQs include furanones, halogenated
furanones, or quinolones.

3.Natural QQs: Some phytocompounds or bacteria have evolved quorum
quenching mechanisms that help them regulate interactions with other bacteria.
These natural QQs comprise a complex mixture of compounds, such as essential
oils, gingerol, kahweol, resveratrol, curcumin, and many others.

Quorum quenchers can be used in many ways against bacterial infections. For
example, they can be used to prevent or disrupt biofilm formation on surfaces, such as
medical equipment. This is especially important in hospital settings, where microbial
biofilms on medical devices can be a major source of infection. QQs can also be used in
combination with antibacterial agents to enhance their efficacy and reduce the risk of
resistance development. For instance, using quorum quenchers to mitigate resistance
development can be useful in chronic infections.

1.3 Nanosystems

Nanoparticles (NPs) are particles that have at least one dimension between 1 and
100 nanometers. They can be naturally occurring or artificially created and have
unique physical and chemical properties that differ from those of their bulk counter-
parts. They are studied in many scientific fields such as physics, chemistry, geology,
and biology. NPs have many applications in industry and medicine, such as in drug
delivery systems, in targeted cancer therapies, and in developing new materials and
electronics.

Antimicrobial nanoparticles are types of nanomaterials that have shown potential
for use as antimicrobial agents due to their unique physicochemical properties. They
can be synthesized from a variety of materials including metals, metal oxides, and
polymers. These NPs can be used to inhibit the growth of different microorganisms
such as bacteria, viruses, and fungi, either by disrupting their cell membranes or by
interfering with their metabolic processes. Additionally, antimicrobial nanoparticles
have been studied for use in applications such as food packaging, wound dressings,
and water treatment.

Nanosystems in biological science typically refer to systems or structures at the
nanoscale that are relevant to the study of biology. Nanosystems have emerged as a
promising approach for the prevention of biofilm formation and antimicrobial resis-
tance.

Nanosystems have several mechanisms that can prevent biofilm formation and
overcome antimicrobial resistance. These mechanisms include the physical disruption
of biofilm, targeting biofilm matrix, preventing bacterial adhesion, and releasing
antimicrobial agents in a controlled and sustained manner. In addition, nanosystems
can improve the pharmacokinetics and pharmacodynamics of antimicrobial agents,
enhancing their efficacy and reducing their toxicity.

Nanosystems have also demonstrated great potential in the development of novel
antimicrobial agents that can overcome antimicrobial resistance mechanisms. For
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example, the use of silver nanoparticles (Ag-NPs) has been reported to be effective
against several drug-resistant bacteria, including methicillin-resistant S. aureus
(MRSA) and Pseudomonas aeruginosa. In Figure 2, we can observe the mechanism by
which QS and anti-QS activity occur in bacteria, leading to the formation (dashed
arrow, left) or inhibition of biofilm (dashed line, right) throughout the five stages of
the bacterial biofilm formation process.

However, the development of nanosystems as a viable alternative to traditional
antibiotics requires careful consideration of their potential toxicity, biocompatibility,
and long-term safety.

1.4 Molecular docking

Molecular docking is a computational method used to study the interactions
between a protein and a small molecule, called a ligand. The goal is to predict how the
ligand will bind to the protein and the strength of that interaction.

The process of molecular docking involves several steps, including preparing the
protein and ligand structures, generating a docking grid, and running the docking
simulation. The simulation predicts the optimal docking position and conformation,
with the goal of optimizing a scoring function. After running the simulation, the result
is analyzed to better understand the protein-ligand interactions and assess the poten-
tial binding strength. The result is then validated using experimental data or
benchmarking.

Figure 2.
AgNPs QS signalling and anti-QS mechanism in biofilm formation in bacteria.
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Recently, molecular docking has been explored for its potential applications in
biofilm formation control by targeting QS systems of bacteria. By understanding
how small molecules interact with key components of QS pathways, we can develop
strategies to disrupt these pathways and thus prevent biofilm formation without
harming other beneficial bacterial species or human health concerns associated with
antibiotic use.

In recent years, several studies have employed molecular docking as a tool for the
design and development of novel antibiofilm agents. For example, a study by Khadke,
see [13], used molecular docking to evaluate the binding affinity of cinnamaldehyde
analogs with the biofilm response regulator yeast-form wall protein 1 (YWP1) and
upregulated by cAMP in filamentous growth (UCF1) in Candida albicans. The study
demonstrated that the cinnamaldehyde analogs could effectively inhibit biofilm for-
mation in the yeast. Moreover, molecular docking can assist in identifying the inter-
action mechanism of an antibiofilm agent with its target molecule. For instance, a
study by Ren [14] showed that isookanin could bind to biofilm-related proteins and
interrupt biofilm formation in Staphylococcus epidermis.

For this, molecular docking is a promising technique for the design and develop-
ment of novel antibiofilm agents. The use of molecular docking could assist in identi-
fying the interaction mechanism of an agent with its target molecule and predict the
therapeutic efficacy of the agent. However, further studies are necessary to validate
the outcomes of molecular docking through in vitro and in vivo experiments.

2. P. aeruginosa

P. aeruginosa is an opportunistic Gram-negative bacterium associated with noso-
comial diseases, mainly lung and airways infections. One of the main mechanisms of
action relates to using degradation enzymes and biofilm formation. The biofilm pro-
duced by P. aeruginosa gives it a sessile behavior making it difficult to attack by
antimicrobial agents due to its exopolysaccharide nature and persistence of virulence
factors [15, 16].

The genus Pseudomonas spp. is involved in the colonization and management of
processes in the dairy industry in which different temperatures are used, allowing to
take advantage of these conditions and some food structures, as surface substrates for
biofilm formation [1].

2.1 Quorum sensing and related genes

Bacterial growth of P. aeruginosa has shown structural and metabolic changes
ranging from the planktonic phase to the sessile or cellular attachment phase, identi-
fying up to five stages in which biofilm formation takes place. These stages are: (1)
reversible attachment, (2) irreversible attachment, (3) first maturation, (4) second
maturation, and (5) dispersion, where each of them exhibits the expression of differ-
ent protein patterns [17, 18].

In Gram-negative bacteria, AHLs have been characterized as the main molecules
triggering QS signaling. In the QS of P. aeruginosa, several genes associated with each
of the stages of biofilm formation have been identified. Signaling and regulatory
genes include: N-3-oxododecanoyl L-homoserine lactone (3-oxo-C12-HSL),
N-butyryl-homoserine lactone (C4-HSL), 2-heptyl-3-hydroxy-4-quinolone, and
2-(2-hydroxyphenyl)thiazole-4-carbaldehyde, controlled by the regulatory systems
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such as lasI/R, rhlI/R, pqsABCDE/pqsR, and AmbBCDE/IqsR, respectively. The
synthesis of these AI improves protein expression leading to an increase of factors
involved in QS. Also, maturation of the biofilm is regulated by this feature, following
irreversible attachment, production of virulence factors involved in P. aeruginosa
pathogenicity, iron scavenging activity, motility, and dissemination [19, 20].

Biosynthesis inhibition of AI molecules can be biodirected through modified
nanosystems as an alternative to diminish the virulence of P. aeruginosa.

2.2 Nanosystems tested in vitro and in silico for biofilm inhibition

In effort to inhibit QS mechanisms of opportunistic bacteria like P. aeruginosa,
green alternatives based on nanosystems have been developed. Table 2 exhibits
nanosystems synthesized using plant extracts, microorganisms, or bioactive coatings,
aiming to inhibit biofilm formation and QS activity of P. aeruginosa. In 2017 [24],
Elshaer and Shaaban proposed selenium nanoparticles (Se-NPs) coated with honey
polyphenols used as nanovectors in drug delivery systems, suggesting molecular
docking studies as demonstration of antivirulence potential against P. aeruginosa.

Additionally, antibiofilm activity of 68% was exposed for Au-NPs, with a quorum
quencher activity up to 88% at 4.6 μg�mL�1, using synthesis of NPs by biological
reduction with different strains of Streptomyces isolated from soil. The reduction of
selenium and gold metal ions to nanometals (Se-NPs and Au-NPs) was carried out

Nanosystem Antibiofilm
activity assay

%

Quorum quencher
activity (% or
concentration)

Ligands Receptor
protein
(genes)

Reference

Se-NPs
Au-NPs

64–88% with
2.3 μg�mL�1

26–68% with
4.6 μg�mL�1

65–90% with 2.3 μg�mL�1

40–88% with 4.6 μg�mL�1
Pyocyanin
Elastase
Protease

lasR
lasI
rhlI
rhlR
pqsA
pqsR
toxA
lasA
lasB

[21]

ZnO nanospikes 20–85% with
25–

200 μg�mL�1

35–75% with
25–200 μg�mL�1

Elastase
Protease
Pyocyanin

lasB [22]

Piper betle-Ag-
NPs

78.20% with
8 μg�mL�1

82.43% with
μg�mL�1

Eugenol
Pyocyanin
Elastase

lasI
lasR
MvfR

[23]

Se-nanovectors
coated with
honey

>90% with
4.5 μg�mL�1

100%
4.5 μg�mL�1

Acacetin
Apigenin

Pinocembrin
Pinobanksin
Quercetin
Caffeic acid
Kaempferol

lasR [24]

Table 2.
Biofilm formation inhibitors nanosystems tested in vitro and in silico against P. aeruginosa.
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under green chemical conditions monitoring the antibiofilm activity by crystal violet
method [21]. The anti-QS and antibiofilm activity of zinc oxide (ZnO) nanospikes
coated with cetyltrimethylammonium bromide (CTAB) was shown by Prateeksha
[22], with different incubation times. The antibiofilm activity of P. aeruginosa was
determined using the polyvinyl chloride biofilm formation assay and crystal violet cell
attachment assay, in addition to elastase and protease transcriptional activity analysis
for QS [22, 25]. About aqueous plant extracts, a bioreduction of Ag-NPs mediated by
Piper betle (Pb) leaves was evaluated using molecular docking of the interaction of
NPs conjugated with Eugenol (the main phenolic compound of Pb leaves) and QS-
associated proteins of P. aeruginosa [23]. Results revealed an antibiofilm activity of
78% and a quorum quencher activity of 82% at 8 μg�mL�1 concentration, implying
considerable interactions between Eugenol-Ag NPs and QS-regulatory proteins.

The characteristics steered by each of these biologically mediated nanosystems
provide a perspective for green molecular strategies targeting microorganisms such as
those developed in this chapter.

3. Salmonella

Salmonella species are a group of Gram-negative bacteria, which causes animal and
human infections. Salmonella genus contains two species, S. enterica and Salmonella
bongori, the first being subdivided into six subspecies [26]. Based on the clinical syn-
dromes that Salmonella spp. cause, it could be classified as typhoid Salmonella and non-
typhoid Salmonella (NTS). Only Typhi and Paratyphi serotypes are causative agents of
typhoidal fever, an acute illness with symptoms that include high fever, malaise, and
abdominal pain; typhoid fever has been associated with 600,000 deaths per year [27].
NTS serotypes cause gastroenteritis that is typically uncomplicated, however, it can be
severe for immunosuppressed patients, elderly, and infants. NTS illnesses are the fourth
morbidity and the third leading cause of deaths among diarrheal diseases worldwide.
Every year, Salmonella spp. causes 93 million cases of gastroenteritis and more than
150,000 deaths, among these, 85% of cases were food linked [28–30]. The most preva-
lent serovars of Salmonella are Enteritidis, Newport, Typhimurium, and Javiana [31, 32].

3.1 Quorum sensing and related genes

During biofilm formation, microorganisms can communicate with each other
through QS to regulate metabolic activity. QS is mediated by three mechanisms of
autoinducers: AI-1, AI-2, and AI-3. The main regulators of pathogenic Salmonella are
AI-2 and AI-3 [33].

Salmonella produces AI-2 through luxS gene, and SdiA protein detects AHLs pro-
duced by other bacterial species, with preference of oxoC18 modification; however, it
can detect AHLs with other structures such as oxoC12 produced by P. aeruginosa, C4
produced by Aeromonas hydrophila, or C6 and oxoC6 produced by Y. enterocolitica
[34, 35]. AI-2 signaling requires low pH and high osmolality, as low osmolality induces
signal degradation. The AI-3 synthetic pathway and chemical formula remain
unknown. Despite this, epinephrine, norepinephrine, and catecholamines are associ-
ated with AI-3 regulation [35].

Many genes are associated with Salmonella biofilm formation, like luxS/AI-2/luxR
homolog SdiA system related to QS, the QseBC two-component system also associated
with QS, and a universal regulator of virulence [34]. Other genes associated with
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biofilm formation are Mig-14 and Virk genes, which reduce outer membrane perme-
ability and induce polymyxin B resistance, Mig-14 gene is stimulated by antimicrobial
peptides and acidic pH conditions [36]. S. enteritidis and S. typhimurium have the rck
gene on virulence plasmids, inducing cellular adhesion and increasing bacterial resis-
tance to serum [37].

3.2 Nanosystems tested in vitro and in silico for biofilm inhibition

Many strategies have been developed to achieve biofilm and QS inhibition,
including in vitro and in silico tests. A virtual screening was performed by Almeida, see
[38], for nonsteroidal anti-inflammatory drugs, searching potential inhibitors of QS in
Salmonella using molecular docking. This study considered three different macromo-
lecular arrangements of SdiA protein observing binding affinities testing more than
193 compounds. Z-phytol and lonazolac molecules were recognized as candidates for
in vitro inhibition. Also, in silico anti-QS activities of Benzeneethanamine, 4-methoxy-
and 2-Cyclopentadecanone, 2-hydroxy by a SdiA protein interaction were predicted
[39]. Phytochemical berberine was studied [40] as an antibiofilm inhibitor using
crystal violet microtiter plate assay; berberine showed 31.20% antibiofilm activity at
0.019 mg�mL�1 in front S. enterica sv Typhimurium and QS inhibitory potential was
screened using Chromobacterium violaceum biosensor bacteria. Inhibitors of biofilm
and Quorum quenchers are presented in Table 3, using plant-based molecules tested
in vitro and in silico.

Nanosystem Antibiofilm
activity
assay %

Quorum quencher
activity (% or
concentration)

Ligands Receptor
protein
(genes)

Reference

Plant compounds
and nonsteroidal anti-
inflammatory drugs

Not specified,
indicated as

high activity in
83.20% of the
compounds

† 193 compounds anti-
inflammatory and plant

compounds

SdiA
(4Y13-S,
4Y15-S,
4Y17S)

[38]

Phytocompounds of
Psidium guajava

† † Benzeneethanamine,
4-methoxy- and

cyclopentadecanone,
2-hydroxy-

SdiA [39]

Berberine 31.20% with
0.625 mg mL�1

† Berberine lasR [40]

Lactic acid
Malic acid

† 80.2% in spinach
76.6% in cantaloupe
46.7% in spinach

37.5% in cantaloupe
80.4% in cantaloupe

Lactic and malic organic
acids

luxS [41]

Ag-NPs of Myristica
fragrans seed extract

87% nutmeg
aqueous seed

extract
99.1% with
50 μg�mL�1

Ag-NPs

† 6,6a-dihydro-
1-(1,3-dioxolan-2-yl)-,
(3aR, 1-t, octadecane,

6-methyl-, heptadecane,
2,6,10,14-tetramethyl-
BIS (2-ethylhexyl)

phthalate

RcsB
RcsC

[42]

†Not declared.

Table 3.
Biofilm formation inhibitors nanosystems tested in vitro and in silico against Salmonella spp.
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4. E. coli

E. coli is a Gram-negative, rod-shaped bacterium from the Escherichia genus.
Different serotypes that produce toxins are associated with foodborne diseases, such
as E. coli O157:H7, commonly known as enterohemorrhagic E. coli (EHEC). This
pathogen is responsible for bloody diarrhea outbreaks and hemolytic uremic syn-
drome worldwide [43].

Virulence of EHEC is well studied, and it involves different mechanisms through
which pathogen survives the acid environment in the stomach of the host, and colo-
nizes the intestine, where lesions are provoked and, consequently, bloody diarrhea
occurs [44].

4.1 Quorum sensing and related genes

Quorum sensing of E. coli is mediated by the luxI/luxR system, where AI are
synthesized and recognized; as a result, different phenotypes, such as biolumines-
cence, antibiotic production, biofilm formation, and virulence factors’ secretion, are
expressed [45]. The most common AI in E. coli are AHLs, and some of these lactones
have different lengths of acyl tail (4–20°C), oxidation at the third carbon in the acyl
tail (carbonyl, alcohol, or methylene), units of unsaturation, or aryl located opposite
to aliphatic tails [45, 46].

Another receptor found in E. coli is the SdiA receptor, for which the specific AHL is
not present in the genome of this pathogen. Instead, this receptor can interact with
AHLs produced by other bacteria that exist in the host, favoring the expression of the
gad operon, which includes proteins associated with acid environment resistance, a
crucial step in the colonization and infection of E. coli. In the intestine, SdiA-AHL
complex is dissociated, leading to the activation of the LEE operon (locus of
enterocyte effacement), which is related to lesions provoked on the walls of the
intestine and bloody diarrhea [45].

The disruption of the QS has been one of the most studied methods to control
growth and virulence of foodborne pathogens, and some authors suggest different
pathways to achieve this disruption [46]:

• Inhibition of AI synthesis.

• Enzymatic degradation of AI.

• Use of materials that adsorb or quench AI.

• Use of compounds that mimic AI affinity for the proteins related to recognition
of AI.

4.2 Nanosystems for QS inhibition

Inhibition of QS has gained more attention nowadays, since AHLs can go in and
out of a cell, different molecules have been proposed to interact with the specific
receptors, mimicking the AHL structure or blocking the receptors. In Table 4, some
examples of QS inhibitors and their proposed mechanisms are compiled.
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4.3 Molecular docking applied in E. coli

Several researches have modeled the possible interaction of nanosystems of
bioactive compounds on specific genes or proteins expressed by E. coli. For example,
synthetic thiazolo[3,2-α]pyrimidine molecules were obtained using ZnO nanoparticles
as catalyst, and the in silico test was used to determine with which residues from the
DNA gyrase B they bind. The results are shown in Table 5.

According to Schembri [51], several genes are affected in expression during bio-
film formation, growth, and stationary phases. Among them, it has been shown that
flu and rpoS are two of the most important genes for E. coli biofilm formation. Flu
expresses the formation of the antigen 43 (Ag43), which deals with autoaggregation
of cells, a primary step for biofilm to begin formation, while rpoS activates other genes
in charge of dealing with stress conditions such as carbon starving, oxidative
degradation of DNA, osmotic stress, etc.

Zinc oxide nanoparticles obtained with green synthesis using Dysphania
ambrosioides extract were evaluated for molecular docking against E. coli. It was
demonstrated that ZnO nanoparticles interact with the AcrAB-TolC proteins, which is
a pump that crosses the inner and outer membrane of Gram-negative bacteria. This
protein has been associated with resistance to antibiotics development, for which
inhibiting its expression may lead to growth control of the pathogen [52].

In other cases, the extracts used in green synthesis of nanoparticles are studied for
molecular docking. Such is the case of Aegle marmelos extract used to obtain copper
oxide nanoparticles, and which was estimated to show that the major components

Nanosystem Synthesis
method

Concentration Mechanism Reference

Chitosan (CS)-NPs
with quercetin

Ionotropic
gelation

† Quercetin binds to different
domains of LuxR receptor,

affecting binding affinity to LuxI-
DNA. Other suggestion is that

quercetin blocks the secretion of
AHL to the cytosol.

[47]

CS Nanoemulsion/
Nanocapsule doped
with cinnamaldehyde

Spontaneous
emulsification

0.5 mM Green fluorescence protein (GFP)
inhibition.

[46]

D-limonene
nanoemulsion

Spontaneous
emulsification

† AI synthesis and motility
reduction, suppression of

extracellular polymeric substances
(biofilm formation inhibition).

[48]

CS-NPs dually
crosslinked with
genipin and sodium
tripolyphosphate
(TPP)

Ionotropic
gelation

0.001–
0.1 mg�mL�1

AHL-mediated fluorescence
response decrease.

[45]

CS nanosystem
functionalized with
mannose

Reductive
amination
reaction

3 mg�mL�1 Interference with lectins, avoiding
adhesion, motility, and biofilm

formation.

[49]

†Not declared.

Table 4.
Nanosystems and their mechanisms of E. coli QS inhibition.
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were beta-sitosterol, gamma-sitosterol, and marmesin. These compounds were
studied in silico against the BamA protein of E. coli, a pump that allows substrates to
insert into the outer membrane of Gram-negative bacteria. Results showed binding
energies of �8 kcal�mol�1, except for gamma-sitosterol (12 kcal�mol�1). Interaction of
these compounds present in the extract suggests good inhibition of the protein. Beta-
sitosterol forms both polar and non-polar bonds like hydrogen, pi-sigma, pi-alkyl
bonds, and Van der Waals interaction with the residues GLU435, PHE494, TYR653,
and ASN666 of the BamA; on the other hand, gamma-sitosterol binds only to the
ASN534 and TYR468. Both present a stable complex. Finally, marmesin binds with

Molecule Docking
score

(kcal�mol�1)

H-bonds Amino acid residual interaction

Hydrophobic/
Pi-cation/
Pi-anion/

Pi-alkyl interactions

Van der Waals
interaction

�7.4 Asn-46,
Thr-165

Val-43, Ala-47,
Gly-77, Ile-78, Ile-94,

Val-167

Asp-49,
Glu-50,
Asp-73,
Arg-76,
Pro-79

�7.6 Gly-77,
Thr-165

Val-43, Ala-47,
Asp-73, Ile-78

Pro-79

�7.4 Ser-121 Ile-78, Pro-79, Ile-94 Val-97,
Leu-98,
Gly-119,
Val-120

�7.3 Glu-50 Arg-76, Ile-78, Pro-79 Ala-47,
Asp-73,
Gly-77,
Thr-165

�7.6 Asn-46 Val-43, Ala-47,
Asp-73, Gly-77, Ile-78,

Ile-94, Thr-165,
Val-167

Val-71,
Val-120

Table 5.
Bound residues of E. coli DNA gyrase B of synthetic thiazolo[3,2-α] pyrimidines [50].
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ARG734, THR588, PHE586, and ARG583 with hydrogen bonds, while non-polar
interactions can happen [53].

5. S. aureus

Staphylococci are spherical, non-sporulating, Gram-positive bacteria that are found
in irregular grape-like clusters. The genus Staphylococcus is comprised of at least 45
species, four of which, S. aureus, Staphylococcus epidermidis, Staphylococcus lugdunensis,
and Staphylococcus saprophyticus, are considered the most important in clinical terms
[54]. S. aureus is considered an opportunistic pathogenic bacterium, causing a consid-
erable number of diseases ranging from superficial skin and soft tissue infections
(SSTI) to invasive infections, sepsis, and death. So, in the United States, the mortality
rate due to S. aureus sepsis has only been about 20,000 deaths per year in recent years
[55]. Therefore, this bacterium has created a resistance to the best available
antistaphylococcal agents, such as penicillin and methicillin. However, researchers
have developed strategies to inhibit the quorum sensing control of S. aureus, since the
toxins, virulence factors, and biofilm formation of this pathogen are controlled by the
Agr (accessory gene regulator) quorum sensing system [55, 56].

5.1 Quorum sensing and related genes

The expression of the virulence factors of S. aureus is controlled by the Agr-QS
system, which is responsible for causing genetic adaptations for intracellular communi-
cation. Likewise, the Agr of S. aureus is characterized mainly by regulating the expres-
sion of different toxins, virulence factors and controlling the interaction of bacteria-host
at the infection site [57, 58]. Like many other bacterial physiological functions, the
formation of S. aureus biofilms is mainly encoded by 12 different genes such as the
fibrinogen-binding protein (Fib) gene, the fibronectin-binding protein (FnbA and
FnbB) genes, intercellular adhesion genes (icaA, B, C, and D), clumping factor (clfA
and B), elastin-binding protein (elastin-binding protein of S. aureus (EbpS)), laminin-
binding protein (Eno), and collagen-binding adhesin protein (Cna) [59].

The genes encode different surface proteins that allow S. aureus to adhere to, pene-
trate into, and colonize the host. Ultimately, it leads to biofilm formation and virulence.
In the S. aureus biofilm, the fib gene is responsible for facilitating and encoding the
recognition of surface fibrinogen-binding proteins, while Cna promotes adhesion to the
surface. For their part, the intracellular adhesion genes icaA, B, C, and D encode the
process of cell-to-cell adhesion and start the formation of biofilms. While the clumping
factor genes clfA and clfB encode cell wall-anchored proteins that bind to host surface
fibrinogen [59, 60], facilitating S. aureus colonization, biofilm formation, and eliciting
virulence via immune evasion through the binding of soluble fibrinogen.

5.2 Nanosystems tested in vitro and in silico for biofilm inhibition

Researchers have been seeking different strategies to counter S. aureus virulence
factors, since virtually many of the toxins and other S. aureus virulence factors are
controlled by the Agr quorum sensing system. For this reason, scientists have dedi-
cated themselves to investigating strategies that manage to inhibit the QS control of S.
aureus [61]. Table 6 shows some studies of nanosystems synthesized from different
precursors, which aim to inhibit the formation of S. aureus biofilms.
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Biofilm inhibition in the S. aureus isolate was shown to be independent of the icaA
gene, leading to biofilm inhibition in S. aureus after treatment with Cu/g-C3N4

nanocomposites. On the other hand, Ramachandran [63] demonstrated that CS-
loaded Ag-NPs favorably inhibited the formation of S. aureus biofilm at a concentra-
tion of 250 μg�ml�1. Therefore, they confirmed that there were damages in bacterial
growth, arrest of survival, deformation of the membrane, and alterations of the
exopolysaccharide when increasing the concentration of silver nanocomposites loaded
with chitosan (CS). Finally, Hemmati [65] demonstrated that incorporating
gentamicin-loaded ZnO-NPs into a chitosan solution developed a slow drug release
rate compared to gentamicin-conjugated CS-ZnO NPs. Likewise, with the three com-
ponents (gentamicin, chitosan, and ZnO), the scientists showed that the greatest
antimicrobial and antibiofilm activity against S. aureus and P. aeruginosa occurred in
the gentamicin-loaded CS-ZnO nanocomposite, due to the synergistic action that
presented the gentamicin with the nanocomposite.

6. L. monocytogenes

Listeriosis is a serious infection that is usually caused by eating food contaminated
with Listeria. In the United States, approximately 1600 people contract listeriosis each
year, and approximately 260 people die from the disease [66]. Additionally, mortality
from this infection can be as high as 30% in some parts of the United States. In
European countries, the European Food Safety Authority (EFSA) reported a total of
1760 cases of listeriosis in humans in 2013 [67]. Contaminated ready-to-eat foods,
such as soft cheeses made primarily from unpasteurized milk, smoked fish, ice cream,
melon, apple, and vegetables, have been implicated in L. monocytogenes [68].

L. monocytogenes is a Gram-positive bacterium with a diameter of 0.5 to 4 μm and a
length of 0.5 to 2 μm. It is a facultative anaerobic, catalase-positive, oxidase-negative,

Nanosystem Synthesis process Chemical
precursor

Antibiofilm
activity assay

%

Receptor
protein
(genes)

Reference

Graphitic carbon
nitride
nanosheets
decorated with
Cu-NPs

Cu-NPs: Cu precipitation
and sonication.

Carbon nitride nanosheets:
melamine heating at 550°C

for 4 h followed by
precipitation.

Cu(NO3)2, SDS,
L-ascorbic acid,
and C3H6N6

65% at
312.5 μg�mL�1

icaA [62]

CS/Ag
nanocomposite

Precipitation and heating
at 90°C for 6 h

Ag+ as
precursor and
CS as stabilizing
reducing agent

96% at
250 μg�mL�1

† [63, 64]

CS-ZnO-
gentamicin
nanocomposite

Precipitation and drying
of NP at 60°C

Zn(NO3)2 77% at
0.125 μg�mL�1

† [65]

†Not declared.

Table 6.
Biofilm formation inhibitors nanosystems tested in vitro and in silico against S. aureus.
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non-spore-forming microorganism. It is generally motile due to the presence of
flagella in a temperature range of 22–28°C, but immobile above 30°C. The growth
temperature of L. monocytogenes is �0.4 to 45°C, with an optimum temperature of
37°C. The bacterium can survive in water activity <0.90 and pH 4.6–9.5 and tolerate
salt levels (NaCl)) up to 20%. Furthermore, L. monocytogenes is resistant to disinfec-
tants and can adhere to different surfaces [69, 70].

6.1 Quorum sensing and related genes

Biofilm formation of L. monocytogenes can be influenced by several external factors,
such as growth and pressure conditions, temperature, growth method, physicochem-
ical properties of the substrate, and the presence of other microorganisms [71], as well
as internal factors such as prfA, actA, proteins encoded by the σB gene, and the ABC
(ATP-binding cassette) permease transporter gene [72]. The L. monocytogenes genes
involved in flagellar motility (fliQ, flaA, fli1, motA) are required for biofilm forma-
tion, such as the PhoR gene (phosphate sensory operon) and the genes involved in
D-alanine uptake in lipoteichoic cells [1].

L. monocytogenes is sensitive to a wide range of antibiotics active, except cephalo-
sporins and fosfomycin, to which it has inherent resistance. The most common treat-
ment for listeriosis is ampicillin or a combination of ampicillin with gentamicin;
however, the fosX, lin, abc-f, and tet(M) genes are the four most common antimicro-
bial resistance genes found in L. monocytogenes in cases of foodborne transmission [73].

6.2 Nanosystems tested in vitro and in silico for biofilm inhibition

The reduction and elimination of biofilm of L. monocytogenes have been studied
through the synthesis and application of nanoparticles and nanosystems. In addition,
this nanotechnology can be green technology (Table 7).

Synthesized ZnO nanostructures from Nigella sativa seed affect biofilm without
influencing the bacterial growth, resulting in the formation of weak biofilms possibly

Nanosystem Synthesis
process

Chemical precursor Antibiofilm
activity assay

%

Receptor
protein
(genes)

Reference

Cu-NPs Inert gas
condensation

Pure copper † † [74]

ZnO
nanostructures
from Nigella sativa
seed

Microwaves Zinc nitrate and Nigella
sativa seed extract

91%
(256 μg�mL�1)

† [75]

Superparamagnetic
IO-NPs

Precipitation
and heating at
80°C for 1 h

Ferric chloride and
ferric sulfate with
polyethylene glycol

88%
(16 μg�mL�1)

† [76]

Ag-NPs from
grown shoots of
Tamarix nilotica

Bio-fabrication
of Ag-NPs with

T. nilotica

Silver nitrate with
T. nilotica extract

62–64%
(8 μg�mL�1)

† [77]

†Not declared.

Table 7.
Biofilm formation inhibitor nanosystems tested in vitro and in silico against L. monocytogenes.
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by reducing the surface adhesion and subsequent microcolony formation [75].
Although further research is necessary to unearth the plausible mechanism of biofilm
inhibition by the ZnO nanoparticles.

In superparamagnetic iron oxide (IO) nanoparticles, biofilm reduction is attrib-
uted to the generation of reactive oxygen species (ROS) due to the interactions of the
nanoparticles in the microorganism [76]. Similarly, as shown by Al-Shabib [77], green
synthesis of silver nanoparticles produces ROS, causing cell death and inhibition of
biofilms. Also, enhanced ROS production as the plausible mechanism of antibiofilm
action is described [78] since gold nanoparticles interfere with the EPS matrix and
disintegrate the architecture of the biofilm.

7. Clostridium

Clostridium is a genus of bacteria that include more than 100 species, is categorized
as a Gram-positive bacterium, has flagella, and is anaerobic. They can cause multiple
foodborne diseases in humans, such as botulism, C. perfringens food poisoning, necro-
tizing enteritis, and others [5]. These microorganisms can sporulate, which increases
their resistance, and they can spread through abiotic surfaces.

In addition, some species can form biofilms, which are beneficial in some indus-
trial processes (recycling and cellulose degradation processes, gas, acetone, butanol,
and ethanol production) [5, 79, 80]. There are also some non-pathogenic bacteria in
humans that form this type of biofilm and are part of the intestinal microbiota, such as
Clostridium clostridioforme and Clostridium malenominatum [5].

In the case of pathogenic bacteria that cause diseases in humans, biofilms produced
from bacteria can be a significant issue because this mechanism protects the microor-
ganisms from antibiotics, the environment, toxic molecules, certain stress conditions,
and immune system responses, hence, biofilm helps bacteria survive and may play a
role in virulence [5, 6].

Specifically, the Clostridium species transmitted by food contamination that causes
virulence in humans with the ability to form biofilms are C difficile, C. botulinum, and
C. perfringens [5].

C difficile. Clostridium difficile infections (CDI) from C. difficile are the most
prevalent cause of nosocomial diarrhea and colitis in the United States [81, 82]. This
species develops in the colon after antibiotic medication changes the gut microbiota
and secretes toxins that are virulence factors, including A and B toxins [80, 81, 83].

C. botulinum. These species produce one of the most lethal substances known to
induce botulism, botulinum neurotoxin (BoNT). Botulinum toxin inhibits nerve
function and can induce paralysis of the respiratory and muscular systems [84].

C. perfringens. One of the most common causes of foodborne infection in the
United States. It can produce numerous toxins and is the cause of gas gangrene,
necrotizing enteritis, food poisoning, and diarrhea associated with antibiotics [6].

7.1 Quorum sensing related genes and nanosystems’ evaluation

Into the Clostridium genus, the implicated QS genes of C. perfringens are well
established. QS is performed by the Agr and LuxS systems that are involved in toxin
production and pathogenicity through propeptides and AI-2 production, respectively
[85]. Although CDI have been widely reported and associated with C. difficile toxin
production, the QS system by which these infections are regulated is considered a
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complex multifactorial process [86]. There are even few reports on the effect of
nanosystems involved in biofilm and QS inhibition in Clostridium.

In a study, Omoigberale, see [87], it has been found that Ag-NPs at a concentration
of 10 mg�mL�1 can generate a biofilm reduction of 19–58%, while Au-NPs generate a
smaller reduction with 12–39%, at the same concentration. However, this percentage
range of reduction is considered strain-dependent, since this behavior was evaluated
in 17 strains of Clostridia. At the same time, Au-NPs/Ag-NPs-Gentamicin complexes
were evaluated obtaining 31% and 30% biofilm reduction, respectively. Although it
was not a better performance than that obtained for the simple metallic nanoparticles,
it did have a better effect compared to other antibiotics tested in the nanosystems.

Silver nanoparticles (Ag-NPs) also have been evaluated on specific isolates of C.
perfringens, finding biofilm inhibition percentages of 80.8–82.8% at concentrations up
to 100 μg�mL�1, but showing the same behavior as in previous studies [87] in which
these percentages are strain-dependent, or in this case, isolate-dependent from dif-
ferent animal and human organisms [88].

Undoubtedly, the molecular study of nanosystems with inhibitory QS potential is a
great area of opportunity for this genus, pursuing to elucidate the signaling mecha-
nisms and QQs that could counteract its pathogenicity.

8. Conclusions and perspectives

Biofilm formation is nowadays a worldwide topic of interest for public health due
to the importance in pathogen survival. Knowing the mechanism of synthesis can help
to develop new materials to prevent and eliminate bacteria. Quorum sensing is one of
the mechanisms through which bacteria can communicate and create barriers against
antibacterial agents. Nanosystems applied in food safety may interact with genes that
express the signalization of quorum sensing, as many authors have reported. Under-
standing the interaction of the nanoparticle with the DNA of cells may lead to the
formulation of new materials that exhibit this inhibition route, and for that, molecular
docking can help to elucidate the possible interaction and, further, allow the food
industry to be even safer for all populations.
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Chapter 8

Efficacy of Natural and Synthetic
Biofilm Inhibitors Associated with
Antibiotics in Eradicating Biofilms
Formed by Multidrug-Resistant
Bacteria
Salma Kloula Ben Ghorbal, Sana Dhaouadi, Sana Bouzenbila,
Ameur Cherif and Ramzi Boubaker Elandoulsi

Abstract

Biofilms formed by multidrug resistant (MDR) bacteria like methicillin-resistant
Staphylococcus aureus (MRSA) and others are the main causes of infections that repre-
sent a serious public health issue. Persistent MDR infections are mostly derived from
biofilm formation which in turn leads to resistance to conventional antimicrobial
therapy. Inhibition of bacterial surface attachment is the new alternative strategy
without affecting the bacterial growth. Thus, the discovery of compounds that inter-
fere with biofilm production, virulence factors release and quorum sensing (QS)
detection in pathogens is a promising processus. Among these compounds, natural
and synthetic molecules are a compelling alternative to attenuate pathogenicity. The
combination of these compounds with antibiotics makes the bacteria more vulnerable
to the later, once used alone. This combination can restore antibiotic effectiveness
against MDR bacteria. Among these molecules, 3-phenylpropan-1-amine (3-PPA) has
been found to inhibit Serratia marcescens biofilm formation, PAβN has been proven to
inhibit biofilm prodcution in A. baumannii, while brominated Furanone C-30 has
been reported to be a potent inhibitor of the QS system and P. aeruginosa biofilm.
Therefore, the combination between biofilm-inhibitors and antibiotics represents a
promising strategy to mitigate antibiotic resistance in MDR pathogens, which has
become a major threat to public healthcare around the globe.

Keywords: biofilm inhibitors, antibiotics, association, MDR bacteria, biofilm

1. Introduction

Diseases that are caused by pathogens producing bacterial biofilms are increasingly
spread, which represent a real threat to human health. Therefore, floating or
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swimming bacteria are more vulnerable to antibiotics. However, they can be
reorganized into clusters of very complex structure, composed of a matrix of self-
synthesized exopolymers, which forms the notorious biofilm that is hard to eradicate
because bacteria embedded in this structure become highly resistant to many antimi-
crobial agents. In fact, when trapped in biofilms, biofilm-producing bacteria can be
over 1000-fold more resistant to antimicrobials than their planktonic equivalents [1].
In addition, the massive use of antimicrobials has led to an increment in multi-drug
resistance (MDR) of pathogenic bacteria, rendering the failure of antibiotic treatment.
The six main multidrug-resistant and fatal pathogens are known as “ESKAPE” patho-
gens: Escherichia coli, S. aureus, Klebsiella pneumoniae, A. baumannii, P. aeruginosa and
Enterobacter spp. These bacterial agents are responsible for polymicrobial infections
that cause diseases such as cystic fibrosis, ear and urinary tract infections, respiratory
tract infections, diabetic ulcers, wounds, in addition to the contamination of certain
medical devices [2]. Furthermore, majority of chronic and nosocomial infections are
associated with mono- or polymicrobial biofilms, having a significant impact on the
survival rates of patients. Although the use of medical devices revolutionized health
care services and significantly improved patient outcomes, it also led to complications
due to the associations with biofilms and the emergence of multidrug resistant bacteria.

In particular, MDR bacteria poses a major challenge as current antimicrobial thera-
pies are often associated with poor outcomes [3]. Based on the progress of the mecha-
nism of biofilm development in MDR bacteria, many anti-biofilm molecules are being
discovered with diverse modes of action such as quorum quenching (QQ) and cell
adhesion inhibition, dispersion of extracellular polymeric substance, and interference
with c-di-GMP signaling pathways, etc. [4]. Taking these factors into account, it is clear
that new strategies are required to weaken the biofilm, inhibiting its proliferation and
making it less resistant to antibiotics. These strategies involve targetting the resistance
mechanisms of pathogenic bacteria like the production of biofilms by controlling quo-
rum sensing (QS) since it is an intercellular communication system, which influences
microbial virulence [5]. Therefore, interference in QS system of bacterial pathogens can
reduce drug resistance which is considered as a suitable alternative that attenuates
pathogenicity and protects the host from infection due to biofilm formation [1].

This issue has prompted researchers to find new microbial biofilm inhibitors that
could be combined with existing antibiotics to improve their efficacy in bacterial
eradication. In recent years, researchers have increasingly sought alternative thera-
peutic strategies for effective treatment of biofilm-producing pathogens. The target is
to overcome the drawbacks of conventional antimicrobial therapies as microbial
infections involving biofilms become quite challenging because of their high antibiotic
resistance capacities. Within this framework, the present study has evaluated the anti-
biofilm characteristics of natural and synthetic molecules against MDR bacteria.

2. Anti-biofilm activity of peptides and organic compounds

2.1 Anti-biofilm activity of 3-Phenylpropan-1-amine (3-PPA)

Phenylpropane-1-amine (3-PPA) is known to be an antibiotic adjuvant that inter-
feres with QS and disrupts signaling between bacteria without posing a threat to the
bacteria themselves, potentially resolving resistance in pathogenic bacteria [6]. In this
recent and unique study, 3-phenylpropan-1-amine (3-PPA) was determined to inhibit
biofilm formation. Furthermore, the inhibitory effect rises along with high drug
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concentrations. Notably, at 50 μg/mL, 3-PPA treatment reduces biofilm formation by
48%. Moreover, 3-PPA probably acts on virulence factors. They also studied the
expression of genes related to detoxification enzymes and found a 37% inhibition in
the expression of sodB gene, which encodes superoxide dismutase (SOD). Given the
inhibitory effects of 3-PPA on biofilm formation, they also explored whether 3-PPA
can increase the vulnerability of biofilms to traditional antibiotics. Thus, biofilms
were exposed to 3-PPA and antibiotics in combination. In fact, 3-PPA (50 μg/mL) or
ofloxacin (0.2 μg/mL) alone had weak effects on biofilm eradication, but relatively
strong effects when used in combination, with a biofilm erasure rate of 44%. They
also confirmed that by scanning electron microscopy (SEM), treatment with the
combination of 3-PPA and ofloxacin resulted in the significant dispersal, destruction,
and reduction of the preformed biofilm. Therefore, 3-PPA was used as an antibiotic
adjuvant to interfere with the QS and interrupt the signaling between bacteria while
not being a threat to the microorganism, which could help solve the problem of
resistance in disease-causing bacteria. This is the only work to develop a strategy
to by-pass multidrug-resistant S. marcescens and improve treatment outcomes for
recalcitrant infections (Table 1).

2.2 Anti-biofilm activity of cathelicidin-related antimicrobial peptide (CRAMP)

De Brucker et al. [7] identified AS10 (Peptide Sequene: KLKKIAQKIKNFFQKLVP)
as the most potent anti-biofilm peptide at 0.22 M. This peptide inhibits biofilm
formation of the fungus C. albicans and also various Gram-positive and Gram-
negative bacteria in a mixed biofilm and acts synergistically with caspofungin or
amphotericin B against mature C. albicans biofilm. Recently, in the study by Zhang
et al. [8], the best synergistic activity of CRAMP combined with colistin at 62.5 μg/ml
was confirmed for P. aeruginosa, with a significant inhibition of the biomass of
preformed biofilms reaching 91.05%, confirmed by confocal laser scanning micros-
copy (CLSM) images. It was also confirmed that the combination (CRAMP-1/4 MIC
colistin) also down-regulated the expression of QS regulated genes, including
pyocyanin and rhamnolipid production [9]. In 2022, the same research team also
elucidated the specific mechanism by which CRAMP was able to eradicate P.
aeruginosa biofilms using an integrative analysis of transcriptomic, proteomic and
metabolomic data [10]. Somal data showed that CRAMP acts on P. aeruginosa biofilms
through a range of pathways, which include the Pseudomonas quinolone signaling
system (PQS), the cyclic dimeric guanosine monophosphate (c-di-GMP) signaling
pathway, and the exopolysaccharide and rhamnolipid synthesizing pathways [10].
These studies provide new possibilities for the development of CRAMP as a poten-
tially effective anti-biofilm dispersant or even a biofilm-preventive coating for
implants (Table 1).

2.3 Anti-staphyloxantin activity of NP16 and Celastrol in S. aureus biofilm

In the recent study by Gao et al. [11], it was demonstrated a novel inhibitor (NP16)
of S. aureus staphyloxantin (STX) production. This inhibitor targets the
dehydrosqualene desaturase (CrtN) which catalyzes the first step of the
staphyloxantin biosynthetic pathway. Staphyloxantin inhibition can reduce the sur-
vival of S. aureus under oxidative stress conditions and limits biofilm formation. This
newly discovered CrtN inhibitor NP16 may represent an effective strategy for com-
bating S. aureus biofilms. This molecule is not the only one to have an anti-
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staphyloxantin activity, as the study of Yehia et al. [12] demonstrated that celastrol
efficiently STX biosynthesis in S. aureus through its effect on CrtM efficiently, con-
firmed by liquid chromatography-mass spectrometry (LC-MS) and molecular
docking. In addition to its anti-pigment capability, celastrol exhibits significant anti-
biofilm activity with its inhibitory effect on bacterial cell exopolysaccharides. Simi-
larly, inhibition of STX upon celastrol treatment rendered S. aureus more susceptible
to membrane targeting antibiotics. As a novel anti-virulent agent against S. aureus,
Celastrol provides a prospective therapeutic role as a anti-pathogenic agent with
multi-targets (Table 1).

3. Anti-biofilm activity of synthetic molecules

3.1 Anti-biofilm activity of meta-bromo-thiolactone (mBTL) via QS inhibition

In the study of O’Loughlin et al. [13], synthetic molecules were analyzed to prove
their inhibitor effects on the two P. aeruginosa quorum-sensing receptors, LasR and
RhlR. It was found that the most effective compound, is the meta-bromo-thiolactone
(mBTL). It was also confirmed that both LasR and RhlR are partially inhibited by
mBTL in vivo and in vitro; however, RhlR, not LasR, is the relevant in vivo target.
Therefore, this work, that explores interference with QS, demonstrates that mBTL, an
analogue of the native self-inducers of P. aeruginosa, suppresses the expression of
genes encoding the virulence factor pyocyanin, on the one hand, and prevents biofilm
formation on the other hand, which protects C. elegans and human lung epithelial cells
from attack by P. aeruginosa. Taken together, these data about mBTL provide a strong
argument for the efficacy of QS modulators for attenuation of QS-controlled pheno-
types in pathogenic bacteria, such as biofilm formation (Table 1).

3.2 Anti-biofilm effect of malondialdehyde (MDA) via cell membrane injury

Malondialdehyde (MDA), one of the most representative reactive carbonyl species
(RCSs) produced by lipid oxidation in bacteria [19] and in food [14], has received
extensive attention recently. However, the inhibitory effect of MDA on microorgan-
isms has received little attention. The study of Zhang et al. [10] proved the
antibacterial effects of MDA on S. xylosus and Lactiplantibacillus plantarum with the
MICs of 90 and 180 μg/ml, respectively. In addition, the antibacterial mechanisms of
MDA on these two bacteria were associated with LDH activity changes as the LDH
release is indicator of cell wall injury, accompanied with Ca2+ and Mg2+ leakage.
Overall, the emission of Ca2+ and Mg2+ demonstrated that MDA enhanced the perme-
ability of S. xylosus and L. plantarum cell membrane and further affected bacterial
metabolism. In addition, MDA treatment induces cell membrane depolarization, indi-
cating severe membrane damage with important impact on cell development and
differentiation. This result has been confirmed by combination of CLSM and FEGSEM
observations which have affirmed that MDA disrupts the cell membrane of S. xylosus
and L. plantarum. It was also shown that MDA treatment significantly reduced the
ATP concentration in S. xylosus and L. plantarum, suggesting that MDA may inhibit
their growth by affecting the metabolic functions or cell membrane permeability of
bacteria. Moreover, FT-IR studies showed that MDA might affect the molecular com-
position of S. xylosus and L. plantarum cells. These changes indicated the negative
influence of MDA on cell membrane and cellular homeostasis [14].
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4. Anti-biofilm Furanone activity through anti-QS activity

4.1 Furanones in general

Furanones are a family of structurally related molecules characterized by the
presence of a five-membered heterocyclic furan ring. Furanones are available in a
number of natural sources like marine and terrestrial plants, strawberries, coffee and
fungi, and can also be chemically synthesized. Both natural and synthetic furanones
have been shown to effectively inhibit QS, but synthetic furanones offer the possibil-
ity of precise control over compound structure and, therefore, control of any potential
off-target effects [20, 21].

4.2 Anti-QS activity of natural furanones

Among the widely studied natural furanones, (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone and Furanone 4-hydroxy-2,5-dimethyl-3
(2H)-furanone (HDMF), Furanone F202 show strong anti-biofilm activity by up to
55%. Based on the study of Ren et al. [22], a natural furanone, known as (5Z)-4-
bromo-5- (bromomethylene)-3-butyl-2(5H)-furanone was demonstrated to attenuate
biofilm formation in E. coli, reducing average biofilm thickness by 55%. Moreover,
lower furanone concentrations (64.5 μM) significantly decreased E. coli swarming
motility. On the other hand, investigations by Witsø et al. [23] into the impact of
synthetic brominated furanones demonstrated that these compounds could also
decrease E. coli biofilm wall thickness and surface area coverage by up to 50%.
Brominated furanones, added at 50 μM, could suppress swarming motility and lower
biofilm production by up to 40% in the foodborne pathogen E. coli 0103:H2. These
important works [23] clearly demonstrated that natural furanones can interfere with
QS processes and that the phenomenon could be used to combat virulence in human
pathogens. Moreover, the study of Choi et al. [24] proved that natural furanones
greatly reduce the production of P. aeruginosa virulence factors, including protease
(up to 43%), chitinase and pyoverdine by almost 100% (Table 2) [24].

Furanones Origin Dose MDR Biofilm
inhibition

Target References

(5Z)-4-bromo-5-
(bromomethylene)-3-
butyl-2(5H)-furanone

Algae
Delisea
pulchra

164 μM
64.5 μM

E. coli 55% biofilm
thickness
reduction
Swarming
inhibition

QS process [22, 25]

[16.13–
32.26 μM]

Vibrio
harveyi

NM

64.5–
322.5 μM

P. aeruginosa
PAO1 and
JB2

NM i. increase in
siderophore
production

ii. Protease
reduction
(43%)

Chitinase, pyoverdine
reduction (100%)

131

Efficacy of Natural and Synthetic Biofilm Inhibitors Associated with Antibiotics…
DOI: http://dx.doi.org/10.5772/intechopen.112408



4.3 Anti-QS activity of synthetic furanones

The process of developing synthetic furanones began in the 1980s and it usually
starts with relative simple compounds, such as dimethyl ketones and acetals or other
straight forward organic precursors. Then, it is also possible to modify existing furanone
compounds and add existing furanone structures, as it is highlighted in Table 3.
Recently, the majority of research on furanones-mediated QS inhibitors has been
conducted on the effects of these compounds on human pathogens, especially on the

Furanones Origin Dose MDR Biofilm
inhibition

Target References

Furanone 4-hydroxy-
2,5-dimethyl-3(2H)-
furanone (HDMF)

Variety
of fruits

0.1 or
1 μM

P. aeruginosa
PAO1

27.8%
(0.1 μM) and
42.6% (1 μM)
of biofilm
inhibition

Reduced rhamnolipid
(40.9%), pyocyanin
(51.4%), LasA protease
(53.8%) production

[24]

Furanone F202 Algae
Delisea
pulchra

50 μM E. coli
0103:H2

50% biofilm
inhibition

QS process [23]

Table 2.
List of natural furanone inhibitors.

Synthetic Furanones Dose MDR Biofilm Inhibition References

Tribromofuranone 50 μM S. enterica 72% biofilm
reduction
Via Quorum
sensing

[1]

S. aureus 71% biofilm
inhibition

C. albicans 51% biofilm
inhibition

Bis-4-methoxyphenylacetylene-
substituted

NM E.coli ATCC9637 31% biofilm
inhibition

Control monobromofuranone NM P. aeruginosa PAO1 75% biofilm
inhibition

Methyl-containing
dibromofuranones

NM P. aeruginosa
PAO1
PAR7244

70%
44% biofilm
inhibition

Dibromofuranone
Chloroiodofuranone

50 μM i. C. albicans
M2396

ii. Mixed biofilm:
C. albicans
M2396 with P.
aeruginosa
PAO1

92% biofilm
inhibition

Brominated Furanone C-30 3.125–
50 μM.

P. aeruginosa i. Near total
prevention
of
pyoverdine
production

[26]
[21]
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model organisms E. coli and P. aeruginosa [20]. It was the synthesis of a range of
structurally diverse bromine-, chlorine and iodine-containing furanones using a variety
of palladium-catalysed coupling reactions was recently described [1]. The finding of this
study [1] is interesting, as furanone is an ideal QS disruptor. Various compounds from
the furanone library were screened for their inhibitory effects on biofilm production in
opportunistic human pathogens and were found to potently suppress bacterial biofilm
formation in S. enterica, S. aureus, P. aeruginosa, and, to a lesser extent, E. coli. Com-
pounds which inhibited biofilm formation do not generally impact bacterial growth,
highlighting their potential as QS inhibitors. According to the Furanone Library [1],
tribromofuranone was found to be the most active compound decreasing biofilm for-
mation in S. enterica by 72% and S. aureus by 71% at a concentration of 50 μM, whereas
methyl-substituted dibromofuranone was the most potent inhibitor, which reduces
biofilm growth P. aeruginosa PAR7244 by 44% compared to a 70% reduction in PAO1.
For E. coli biofilm, bis-4-methoxyphenylacetylene was the most active compound,
which inhibits E. coli ATCC9637 biofilm growth by 31%. Moreover, it was tested
whether synthesized furanones, with relevant anti-biofilm activity, were able to disturb
mixed fungal-bacterial biofilms. It was confirmed that the chosen bromofuranones and
chloroiodofuranones were initially subjected to testing for their effect on monospecific
biofilms of P. aeruginosa and C. albicans with confocal laser scanning microscopy
(CLSM). Thus, it was found that all of them decrease the biomass of both microorgan-
isms within the mixed biofilms [1].

5. Anti-biofilm activity of natural compounds

Natural products exhibit higher structural and biochemical variety than synthetic
compounds, making them useful for the advancement of anti-biofilm agents [27].
More recently, there have been reviews of bacterial products that include small mol-
ecules, enzymes, exopolysaccharides and isolated peptides displaying anti-biofilm
activities toward different pathogens [28]. Moreover, several studies have demon-
strated solid evidences that plants [29] and marine-derived products [15] are an
excellent source to provide abundant natural compounds for the development of
preventative and therapeutic agents against biofilm-based infections (Table 1).

5.1 Anti-biofilm activity of marine and bacterial-derived products

Concerning antibiofilm activity of marine-derived products, the study by
Oluwabusola et al. [15] proved that psammaplin A and bisaprasin, isolated from

Synthetic Furanones Dose MDR Biofilm Inhibition References

ii. Significant
inhibition
of

iii. LasR
iv. RhIR

Furanone C-56 5 μg ml � 1
(28.5 μM)

P. aeruginosa 37% reduction in
biofilm thickness

[26]

Table 3.
List of synthetic furanone inhibitors.
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marine sponges, could be a potent QS inhibitory agents by preventing P. aeruginosa
PAO1 biofilm formation. The present results indicated that psammaplin a showed
moderate to significant inhibition against QS gene promoters, with IC50 values rang-
ing from 30.69 to 2.64 μM. In contrast, bisaprasin showed significant inhibition for
both biosensor strains, with equal IC50 values. Hence, using marine sources to find
novel QS inhibitors as antipathogenic drugs to combat antimicrobial resistance has
high potentials. Concerning antibiofilm activity of bacterial-derived products, the
study of Zhang et al. (2021) described a novel and effective anti-biofilm compound
named maipomycin A (MaiA), which was isolated from the metabolites of a rare
actinomycete strain Kibdelosporangium phytohabitans XY-R10. This compound
demonstrated a broad spectrum of anti-biofilm activities against Gram-negative
bacteria [8].

5.2 Anti-biofilm activity of thymol

The study of Valliammai et al. [17] demonstrated the anti-biofilm potential of
thymol against methicillin resistant S. aureus (MRSA) by inhibition of staphyloxanthin
biosynthesis. The staphyloxanthin inhibitory potential of thymol was assessed against
MRSA in terms of quality and quantity. It was demonstrated that 100 μg/mL concen-
tration of thymol brings about 90% of staphyloxanthin inhibition. In addition, it was
confirmed that thymol treatment makes MRSA more susceptible to reactive oxygen
species. Experimental analyses were also confirmed by molecular docking analysis and
in vitro measurement of metabolic intermediates of staphyloxanthin. It was also
revealed that thymol could possibly interact with CrtM, which is involved in
staphyloxanthin biosynthesis to inhibit production. In addition, reduction in
staphyloxanthin by thymol treatment increases the membrane fluidity and makes
MRSA cells more susceptible to Polymyxin B, an antibiotic targeting membrane. Thus,
the present study suggests thymol as a potential alternative to antibiotics to combat
MRSA infections. It can also be used as adjuvant in antimicrobial treatments [17].
Likewise, Ndezo et al. [16] showed the synergistic effect of the anti-biofilm potential
of thymol and piperine either alone or combined with three aminoglycoside antibi-
otics were evaluated against the biofilm of K. pneumoniae. Their effect were also tested
on either formed or pre-formed biofilms. It was found that the minimal biofilm
inhibition concentration (MBIC) of streptomycin was reduced 16- to 64-fold when
associated with thymol, whereas the MBIC of kanamycin was decreased 4-fold when
associated with piperine. In addition, the minimal biofilm eradication concentration
(MBEC) values of streptomycin, amikacin, and kanamycin were 16- to 128-fold, 4- to
128-fold, and 8- to 256-fold higher than the planktonic minimum inhibitory concen-
tration (MIC), respectively. Therefore, thymol, in combination with antibiotics, has
shown a broad synergistic activity in both inhibiting biofilm formation and destroying
pre-formed biofilm of K. pneumoniae [16].

The synergistic effects associated with the combination of thymol or piperine
along with the three considered aminoglycoside antibiotics indicate that thymol and
piperine are very promising agents for the development of new antibacterial combi-
nation therapies to combat biofilm-associated infections. The study by Valliammai
et al. (2020) aimed to decrypt the molecular mechanism for the anti-biofilm activity
of thymol toward MRSA and to evaluate the ability of thymol to enhance the
antibacterial activity of rifampicin. Thymol markedly inhibited 88% of MRSA biofilm
formation at 100 μg/mL and decreased MRSA adhesion to human plasma-coated glass,
stainless steel, and titanium surfaces, as demonstrated by microscopic analysis. In fact,
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thymol reinforced the antibacterial efficacy and biofilm eradication of rifampicin
against MRSA and also minimized the formation of persisters. Thus, the present study
suggests that thymol is a very promising combinatory agent candidate to enhance the
antibacterial activity of rifampicin for persistent MRSA infections [18].

6. Conclusion

Bacterial biofilms appear in many infections that are related to diverse medical
implants and well defined body sites such as the urinary tract, lungs, wounds and their
resistance to antimicrobial treatments is a serious problem in clinical settings. It is,
therefore, imperative to study efficient solutions to this problem and to find an
alternative to our current armory of antibiotics. The challenges related to biofilm
infections have prompted researchers to seek a better understanding of the molecular
mechanisms involved in biofilm formation, which has led to the identification of
several steps in biofilm formation that could be targeted to eradicate these serious
infections. Within this context, the combination of current antibiotics with potential
anti-biofilm and anti-toxic agents that interfere with the QS without stimulating the
incidence of resistance is a new therapeutic strategy aiming to reduce the antibiotic
dosages. In this study, a screening of the most studied molecules with anti-biofilm
activity, associated with or not with antibiotics, is performed. The different anti-
biofilm molecules investigated here have various modes of action including (i) inhi-
bition via interference in QS pathways by 3-PPA, AS10, mBTL, natural and synthetic
furanones and natural compounds, (ii) adhesion mechanism, (iii) disruption of
extracellular DNA, proteins, lipopolysaccharides, exopolysaccharides and secondary
messengers involved in various signaling pathways like small molecule DGC-
inhibitors of c-di-GMP signaling. As QS and c-di-GMP signaling govern the

Figure 1.
Various modes of action of the studied anti-biofilm molecules in ESKAPE pathogenes.
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production of virulence factors and some of the protective mechanisms operating in
the biofilm mode, development of chemical compounds capable of preventing forma-
tion of biofilms by targeting these two major systems could be used to treat biofilm-
associated infections. However, studies on the structural modifications on these mol-
ecules and their minimal effective concentration without posing harmful side effects
should be made in future studies in order to improve their efficacy (Figure 1).

Abbreviations

STX staphyloxantin
QS quorum sensing
EPS exopolysaccharides
MDA malondialdehyde
ATB antibiotics
3-PPA 3-phenylpropan-1-amine
c-di-GMP cyclic dimeric guanosine monophosphate
mBTL meta-bromo-thiolactone
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Chapter 9

Important Advances  
in Antibacterial  
Nanoparticle-Mediated 
Photodynamic Therapy
Sandile Phinda Songca

Abstract

Earlier applications of photodynamic therapy (PDT) were accomplished by direct 
or intravenous injection of the photosensitizer, followed by preferential accumulation 
in cancerous tissues after systemic circulation. Nowadays, nanoparticles are used as 
carriers and delivery systems, which also facilitate combinations of PDT with other 
non-invasive technologies. PDT has expanded to disease types other than cancers. 
Nanoparticle-mediated target specific PDT can reduce the emergence of resistance, 
and has introduced chemotherapy combinations with PDT, and potential repurpos-
ing of chemotherapy drugs that are being used less because of resistance. The novel 
discoveries of inorganic and organic dye nanoconjugate photosensitizers discussed 
in this chapter have enhancement PDT efficacy. This review describes the type I and 
II mechanisms of PDT, some of the first- and second-generation photosensitizers in 
the market, and the roles played by nanomaterials across the PDT clinical translation 
value chain. It discusses nanoparticles as delivery systems for photosensitizers, smart 
stimulus-responsive, and disease-targeting nanoparticles, focusing on folate, glycan-
based, pH, and external stimulus-responsive targeting. Well-known in anticancer 
applications, folate targeting is now debuting in antibacterial applications. Other 
targeting technologies are discussed. Nanoparticles applications as agents for com-
bining PDT with other therapies are discussed. The World Health Organization has 
identified PDT as a promising new technology.

Keywords: antibacterial photodynamic therapy, photodynamic antimicrobial 
chemotherapy, nanoparticle-mediated photodynamic therapy, bacterial resistance, 
bacterial cell specificity, selectivity, drug carrier, drug delivery

1. Introduction

From a clinical perspective, photodynamic therapy (PDT) may be defined as a 
treatment that involves the application of light energy in a disease-affected area where 
there is a sufficient concentration of the photosensitizer (PS). PDT destroys disease 
cells only upon activation by light, provided there is a sufficient oxygen concentration 
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in the disease. PSs are generally activated using laser light of a wavelength that is 
absorbed by the PS. They are nontoxic compounds that become toxic upon light acti-
vation. Clinical PDT is widely used against psoriasis; cancers of the skin, lung, brain, 
bladder, pancreas, bile duct, esophagus, and head and neck; as well as other diseases 
such as acne and age-related macular degeneration. Additionally, antimicrobial 
photodynamic therapy (aPDT) is used to treat bacterial, fungal, and viral infec-
tions. It has been established from several studies that there is an immune response 
to PDT that can further enhance its efficacy. From a mechanistic point of view, PDT 
involves the excitation of the PS to its singlet excited state upon absorption of light of 
a frequency that matches the absorption spectrum of the PS, followed by intersystem 
crossing to the triplet state, which is the state in which the PS either transfers energy 
to normal triplet state oxygen to produce excited singlet state oxygen or reacts with 
biomolecules, causing damage to cells. Singlet oxygen production is the most effective 
PDT pathway. It takes place under conditions of oxygenation and is referred to as type 
II mechanism. In contrast, the direct reaction of the excited PS with biomolecules, 
referred to as type I mechanism, predominates under conditions of hypoxia, because 
there is not sufficient oxygen for type II mechanism.

In the aPDT approach, absorbed light energy is used to achieve the bactericidal or 
bacteriostatic effect through these two critical molecular PS-mediated mechanisms. 
Here the type I mechanism involves much radical formation through hydrogen 
transfer from the PS directly to biomolecules, and the type II mechanism proceeds 
via oxygen photosensitization to produce a series of oxygen-based molecular spe-
cies known as reactive oxygen species (ROS), which includes singlet oxygen, oxygen 
radicals, and hydroxide radicals and radical anions. All ROS react with biomolecules, 
causing irreversible damage [1]. The Jablonski diagram shown in Figure 1 illustrates 
the two mechanisms. The irreversible chemical reactions that alter the functionality 
of biomolecules in bacterial cells and the extracellular polymeric substance (EPS) 
matrix [3], regardless of whether these biomolecules are cellular, EPS matrix compo-
nents, or some other functional constituents of the biofilm [4], have been extensively 
studied. Many of these studies conclude that aPDT increases intracellular ROS and 
reduces the strength of the EPS matrix and the metabolic activity of the pathogen 
cells in the matrix [5].

Nanoparticles may be defined as ultra-small particulate materials with one of 
the dimensions of the particles up to 100 nanometers. Metallic nanoparticles like 
metal chalcogenide and silica nanocomposites have been reported. Self-assembled 
phospho-lipid porphysome vesicles [6] and phthalocyanine-based porphysome-like 
nanostructures [7] are very common PSs for PDT. Organo-inorganic nanomaterials 
comprise organic and inorganic nucleated heterocyclic aromatic organic compounds 
in self-assembled nanoparticle (NP) formations. Recently, metal organic frameworks 
(MOFs) have emerged, in which the linking organic molecules are PS molecules 
such as phthalocyanines and porphyrins [8, 9]. Typical applications of these PS 
molecules in PDT include antiviral, antibacterial, antifungal, anticancer, pest control, 
and environmental sanitization [2]. Several combination therapies, gene therapies, 
immunotherapies, and checkpoint blockade immunotherapies, in which these 
molecules are used as integral parts of PS nanoconjugate systems, have been widely 
reported. These nanoconjugates are widely reported in pharmaceutical formulation; 
controlled, stimulus-responsive, and slow drug release; enhancement of bioavailabil-
ity; combination therapies; and enhancement of therapeutic efficacy, using a range of 
techniques such as nano-crystallization and self-assembly. Nanomaterials are found 
at every node of the therapeutic value chain and drug development pipeline, from 
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basic drug research and development, through 2D and 3D evaluations in vitro, finally 
arriving at the preclinical studies in vivo, pharmaceutical formulation, applications in 
clinical trials, and drug administration in clinical therapy.

The challenge of incorporating PS molecules that are used for PDT and other drug 
molecules that are used as antibacterial chemotherapeutic agents, into innovative 
nanoconjugate systems, in designing them to act as carriers and delivery vehicles of 
the PS and drug molecules, and act as systems that respond to internal or external 
stimuli, once they are internalized into disease cells, is an important preoccupation of 
scientists in nanomaterial-mediated PDT. The purpose of incorporating PS molecules 
and antibacterial chemotherapeutic drug molecules into innovative nanoconjugate 
systems is to ensure their inertness and non-toxicity while in systemic circulation. The 
purpose of building internal and external stimuli responsiveness is to ensure that they 
are released only when the nanoconjugate is inside the target disease cell or site, when 
the stimuli of the internal environment of these cells or sites trigger their release, or 
when an external stimulus is applied (Figure 2).

Incorporating small molecules of antibacterial drugs as components of nanoconju-
gates presents many advantages in efficacy improvement. These include pharmacoki-
netic navigation of various physiological barriers and reduction of many of their side 
effects, including the development of bacterial resistance. Most of the self-assembly 
reactions used are conducted in aqueous media to form NPs composed of small, 
potent drug molecules. Most nanoconjugates are easy to fabricate; they can deliver 
high concentrations of their drug molecule cargo to the disease microenvironment 
and intracellular environment of the disease cells. Given the facile pharmacokinetic 
navigation of the systemic barriers by these drugs when capped or otherwise encap-
sulated in nanoconjugate form, they have great potential to reduce or eliminate their 
side effects because they are only released at the disease site and, in the most innova-
tive designs, they are released only once they are inside the disease cells, and are not 
released inside normal host tissue cells.

Figure 1. 
Jablonski diagram to illustrate the aPDT type I and II mechanisms. Reproduced from Songca and Adjei [2] under 
the creative commons attribution license 4.0.
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Most PSs used in PDT are organic molecular chromophores that are capable of 
transferring electromagnetic radiation energy to oxygen to form ROS in situ [10]. 
However, the new inorganic NP PSs that have been discovered are showing good ver-
satility because in addition to being used for transport and delivery of the PSs, they 
can also act as PDT PSs, photothermal therapy, and magnetothermal therapy agents 
in combination therapies with PDT. For example, an inorganic NP PS consisting of 
Fe2O3, and CuS, which also acts as a PS and therefore, possesses photothermal and 
magnetothermal conversion, in addition to PDT capabilities, as reported by Curcio 

Figure 2. 
Chemical structures of Foscan, Photofrin, Visudyne, Lutex, Pc4, Purlytin, HPPH, NPe6, Levulan, TLD1433, 
Hypocrellin a, and Hypocrellin B. The pharmaceutical companies are indicated in brackets.
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et al. [11]. The nanoconjugate demonstrated its capabilities in a tri-therapeutic com-
bination involving photothermal hyperthermia therapy (PTT), PDT and magnetic 
hyperthermia therapy (MH), in which the iron oxide shell is responsible for MH, and 
the copper sulfide multi-core is responsible for PTT and PDT. In their review, Zhang 
et al. [12] identified carbon-based inorganic nanomaterials such as dots, fullerenes, 
nanotubes, graphene oxide semiconductor nanomaterials such as zirconium and 
titanium oxides, and defective nanomaterials such as oxides of ruthenium and zinc, 
as some of the inorganic NPs that generate ROS upon photo irradiation. Conjugation 
of these nanomaterials with the organic dye type of PS results in efficacious nanocon-
jugates in combination therapies. For example, the conjugation of copper sulfide NPs 
with chlorin-e6 produced a potent PDT-and-PTT combination agent because both the 
core and shell materials produce ROS [13].

Examples of organic PSs that have clinical approval include Foscan from Scotia 
[14], Visudyne from QLT [15], Lutex from Pharmacyclics [16], Pc4 from Case 
Western Reserve [17], Purlytin from Miravant [18], NPe6 from Nippon [19], HPPH 
from Roswell Park Cancer Institute [20, 21], Amino Laevulinic Acid from DUSA 
[22], Hypocrellin Photosensitizer SL052 from Canadian Quest PharmaTech [23], 
and TLD1433 from Theralase [24]. Examples of inorganic PSs include sulfides of 
molybdenum, zinc, copper, iron, silver, and bismuth [25]. Nanostructured MOFs 
[26] and metal complexes with organic ligands [23], on the other hand, may therefore 
be considered among the wide and increasing variety of organic–inorganic hybrid 
nanostructured PDT PSs [27–29].

2. Purpose statement

This paper presents the roles played by nanomaterials across the therapeutic value 
chain, from basic research to clinical applications, using examples from therapeu-
tic technologies and their clinical applications against many bacterial and fungal 
diseases. The paper adopts an approach of considering therapeutic applications of 
nanotechnology in treating bacterial diseases and the nanomaterial-based therapeutic 
technologies applied in treating them, discussing the details of these applications and 
the technologies that define them. Using photosensitization type I and II mechanisms 
by which ROS are produced in the disease microenvironment, and the subsequent 
oxidative initiation of apoptosis and necrotic cell death, the purpose of this paper is 
pursued by discussing specific examples. The purpose of this approach is to provide 
the fundamental mechanistic basis of the technology and its combinations, an over-
view of its state-of-the-art from the current research and the historical viewpoint, the 
expansion of its scope, the enhancement of its efficacy and disease targeting, and the 
role of nanotechnology in these developments. This paper also aims to discuss poten-
tial areas of further research and innovation as indicated by gaps in the basic research 
and clinical translation literature.

3. Nanoparticles as carrier and delivery systems for photosensitizers

The use of NPs as carriers and delivery agents for PSs and other drugs has gained 
much attention [30, 31] and has demonstrated the enhancement of stability, solubil-
ity, administration, target delivery, specificity, selectivity, and toxicity reduction 
[32, 33]. Research on NPs as carriers of PSs has demonstrated that the enhancement 
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of PDT is due to the enhancement of PS drug delivery and cellular uptake and reten-
tion [34, 35]. Due to the ultra-small size of NPs, they have large surface-to-volume 
ratios [36]. This allows them to absorb large quantities of the PS on their surface 
[37], which promotes the target tissue and cellular uptake [38] once they reach the 
target site and cells. In addition, this PS drug delivery mechanism can also enhance 
selectivity for the disease site and cells over host tissue sites or cells. The absorption 
of PSs on the surface of NPs increases NP stability while in systemic circulation [39]. 
This severely limits undesirable side effects of both the NP and PS, such as toxicity in 
the absence of light. PS-capped NPs generally have improved solubility in hydroxylic 
media, thus enhancing the administration of the nanoconjugate [40]. The foregoing 
discussion describes the encapsulation of NPs by PSs. It may be illustrated using 
the example of encapsulation of magnetic NPs with heparin-pheophorbide-A, as 
reported by Li et al. [41], shown in Figure 3, in which the aminopropyl triethoxysi-
lane functionalized iron oxide NPs are encapsulated with heparin–pheophorbide-A 
by conjugation of the functionalized NPs. The encapsulation of NPs by PSs is one 
of the most effective and therefore most widely reported strategies for using NPs as 
carrier and delivery systems of PSs for use in PDT.

The PS may be covalently linked or adsorbed onto the surface of the NP. For 
example, a near-infrared absorbing and disulfide functionalized bacteriochlorophyll-
a-based PS was covalently anchored onto the surface of gold NPs for anticancer PDT, 
using gold surface–sulfide dative covalent bonding of the disulphide functional group 
of the PS [42]. The researchers found that in comparison to the free bacteriochloro-
phyll-a-based PS, the gold-PS nanoconjugate remained in systemic circulation for 
longer and showed increased tumor accumulation, cancer cell uptake and retention. 
This nanoconjugate is illustrated in Figure 4.

In this case, the linker is a functional group of the PS. The covalent anchoring of Rose 
Bengal on the surface of silica NPs, however, was accomplished by functionalizing the 
NP surface with amino groups followed by covalent linking of the PS, via the formation 
of amide covalent bonds between the carboxylic acid functional group of Rose Bengal 
and the amino groups of the silica capping shell [43]. This is illustrated in Figure 5.

The nanoconjugate inactivated gram-positive Methicillin-resistant S. aureus and 
Staphylococcus epidermidis, indicating that this method of PS conjugation has great 
potential for aPDT applications.

The encapsulation of PSs in the core of organic NPs such as liposomes and 
micelles has emerged as a powerful way of enhancing PS delivery [44]. This is a 

Figure 3. 
Heparin–pheophorbide-a conjugation of aminopropyltriethoxysilane functionalized nanoparticles.
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versatile approach because, while hydrophilic PSs are encapsulated in water-in-oil 
organic NPs, hydrophilic PSs are encapsulated in oil-in-water organic NPs [45, 46]. 
This is due to the respective structures of the oil-in-water and water-in-oil NPs. The 
constituent molecules of these organic NPs, known as micelles, are phospholipids, 
which self-assemble with the alignment of their hydrophilic heads and hydrophobic 
tails. Water-in-oil organic NPs align with hydrophilic heads in the interior of the 
NP, thus encapsulating hydrophilic PSs in an aqueous medium, while oil-in-water 
NPs align with hydrophobic tails in the interior of the NP, thus encapsulating hydro-
phobic PSs in an organic medium [47]. Unlike micelles, which have a single layer 
of phospholipids, liposomes have a double layer of phospholipids with an aqueous 

Figure 4. 
Covalent binding of bacteriochlorophyll-a-based PS onto the surface of gold nanoparticles.

Figure 5. 
Amide bond covalent binding via amino-functionalized silica nanoparticles.
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core, encapsulating hydrophilic PSs and a hydrophobic phospholipid bilayer that can 
accommodate large quantities of hydrophobic PSs [48]. The structures of liposomes 
are illustrated in Figure 6.

To overcome the lipophilicity of porphyrins that limits their water solubility, 
protoporphyrin IX was conjugated with oleylamine to enhance its solubility in the 
liposomal bilayer [49]. Figure 6b and 7 illustrate the liposomal bilayer incorporation 
of the hydrophobic PS. The in vitro anticancer studies of the liposome incorporated 
PS showed that it significantly reduced the viability of HeLa and AGS cancer cell 
lines. Bilayer incorporation of the PS was also observed with temoporphyrin [50].

In contrast, the water-soluble PSs like Methylene Blue, Neutral Red, and Rose 
Bengal are encapsulated into the inner aqueous core of the liposome [51]. The liposo-
mal encapsulation of these PSs, which was evaluated by gel filtration chromatography 
using Sephadex 100, is illustrated in Figure 6a.

Unlike the encapsulation of NPs discussed above, mesoporous NPs (Figure 8) 
have micro-pores that are large enough to absorb large quantities of PSs, permeating 
through their entire nanostructures. Mesoporous silica [53] and MOFs [54] are among 
the most widely studied mesoporous NPs. The advantage of using mesoporous silica 
NPs as PS carriers and delivery systems is that they are biocompatible and safe to use 
[55]. Mesoporous silica NPs are fabricated to assume several 3D structures, which 
enable loading and the control of NP release at the target site, and surface function-
alization, depending on the synthetic methodology [56]. Dendritic mesoporous 
silica nanostructures have now emerged with highly porous nanostructures and high 
loading capacity due to their large pore sizes [57]. MOFs can absorb large quantities 
of PSs in their large pore sizes that can be hydrophobic or hydrophilic depending on 
the organic molecule linkers and the linked metal cations. As a result, they can absorb 
hydrophilic PSs in hydrophilic pore sites and hydrophobic PSs in hydrophobic pore 
sites [58]. Although most MOF pores tend to be hydrophobic due to the hydrophobic 
organic molecule linkers, the design and self-assembly of hydrophilic MOFs have been 
reported for the absorption of hydrophilic molecules such as glycol peptides [59]. 
Although, in theory, such MOFs can also be used to absorb hydrophilic PSs, to the 
best of our literature search, such research has yet to be reported.

A new type of MOF consisting of porphyrins or phthalocyanines as the organic 
linkers has been reported to absorb large quantities of oxygen, thus alleviating hypoxia 
in PDT and acting as PSs by ROS generation [60]. Furthermore, to ameliorate the tis-
sue penetration challenge of normal light energy used in PDT, porphyrin-based MOFs 

Figure 6. 
Liposome with hydrophilic core hydrophobic bilayer, two partitions for hydrophilic and hydrophobic PSs 
respectively.
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have been reported, which absorb X-rays and transfer the energy to the porphyrin 
linkers for oxygen sensitization to generate ROS [61]. Other mesoporous nanomaterials 
developed for use in PDT include mesoporous carbon and titanium NPs. For example, 
oxygenated perfluoro hexane was loaded onto the mesoporous carbon NP channels for 
antibacterial applications in combining PTT and PDT [62]. Mesoporous titanium oxide 
NPs have been developed for overcoming drug resistance in a combination therapeutic 
approach involving disease targeting and drug delivery in PDT [63].

4. Smart targeting nanoparticles in antimicrobial photodynamic therapy

Microbial infectious diseases, especially those due to bacterial and fungal infec-
tions, initially affect specific areas and may subsequently spread throughout the 
entire organism [64]. Therefore, in order to arrest bacterial pathogenesis, treatment 
modalities that identify and target affected areas, sites, and cells are preferred. 
The importance of using smart targeting NPs in aPDT emanates from the desire to 
direct such treatment to disease-affected areas, sites, and cells, with minimal or no 
negative effects on normal host tissue cells [65]. When the disease-infected site is 
external, and the aPDT treatment is topical rather than systemic, the purpose of 
smart NP-mediated targeting is to enhance selectivity for the infective microbial cells 
and their supporting EPS matrix over normal host tissue cells. In cases of deep tissue 
or systemic infection, however, such targeting has a general purpose of selectivity for 
disease cells [66]. Several methods have been reported to enhance selectivity for the 
disease cells over normal host tissue cells.

Figure 7. 
Liposomal bilayer incorporation of the oleylamine conjugated protoporphyrin IX.

Figure 8. 
Mesoporous silica nanoparticles and metal-organic-frameworks are highly porous nanomaterials. Copied from 
Zhang and Chang [52] under the creative common attribution license 4.0.
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5. Aptamer-based targeting

Nanoconjugates functionalized with disease cell-specific aptamers have been 
reported to enhance specificity for microbial pathogens. Aptamers are single strands 
of intact sequences of nucleic or xeno nucleic acids. Because of their high affinity, 
selectivity, and specificity for specific microorganism targets, aptamers are selected 
and prepared, typically using the SELEX procedure [67] and used for NP function-
alization [68]. The use of aptamers for the targeted delivery of anticancer drugs and 
PSs has been ubiquitously studied [69]. However, the use of aptamers for the targeted 
delivery of antibacterial drugs and PSs in aPDT has recently attracted attention [70]. 
Disease cell targeting aPDT applications may be illustrated with the studies of a DNA-
aptamer-functionalized nanographene oxide as a targeted nanomaterial-mediated 
bio-theragnostic approach against Porphyromonas gingivalis, a pathogenic periodontitis 
constituent of the periopathogenic complex [71]. Following synthesis and characteriza-
tion, the nanographene oxide was functionalized with an aptamer [72], which was 
selected using the SELEX procedure [73, 74]. Using fluorescence flow cytometry, this 
study showed that graphene oxide NPs, functionalized with the DNA aptamer, enhanced 
target specificity of the nanoconjugate for P. gingivalis disease cells. In a similar study, 
aptamer-functionalized emodin NPs showed binding specificity and enhanced antibac-
terial activity against Enterococcus faecalis [75]. Regarding the applications of aptamers in 
aPDT, literature reviews have indicated that the effect of aptamers goes beyond disease 
cell targeting to include bactericidal and biofilm disruptive effects [76], suggesting that 
in addition to targeting specific bacterial pathogens, the aptamer-functionalized nano-
conjugates could also exhibit bactericidal and biofilm disruptive effects.

6. Glycan-based targeting

Evidence that the carbohydrate-based polysaccharide polymers found on bacte-
rial cells, also known as glycans, can form the basis for bacterial targeting has been 
presented [77]. There are glycan-recognizing and binding proteins on bacterial target 
host cell surfaces, known as lectins. These protein molecules are recognized by the 
glycan structures on bacterial target host cell surfaces where the bacteria attach for 
host cell invasion [78]. The antibacterial macrophage strategy involves the initial 
attachment to the bacterial cell surface, followed by the delivery of depolymerases 
and lysins to degrade the bacterial cell wall-based glycans [79]. Similarly, the bacte-
rial glycan cell targeting technology is based on extensively lectin-functionalized 
nanoconjugate systems that attract and selectively bind to bacteria with high binding 
affinity, delivering their antibacterial cargo, such as antibiotic chemotherapy drugs 
and PDT PSs, yet maintaining host microenvironment biocompatibility [80, 81].

7.  Smart stimulus-responsive nanoparticles in antimicrobial 
photodynamic therapy

Further enhancement of selectivity for the disease over host tissue cells can be 
achieved if the aPDT toxicity of the drug and PS molecules is controlled in such a way 
that they are only toxic on target and are benign elsewhere. As a result, substantial 
research has been dedicated to developing stimulus-responsive aPDT. Two approaches 
have emerged to achieve this. In the one approach, nanoconjugate systems have been 
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cleverly designed and fabricated to respond to the pH and redox potential difference 
between normal host tissue cells and the extracellular environment, on the one hand, and 
the intracellular environment of bacterial disease cells, on the other hand. In bacterial 
cells and the extracellular bacterial microenvironment, the pH drops by nearly 2–3 com-
pared to normal host tissue cells and the usual host tissue extracellular microenvironment 
[82]. Therefore, systems have been cleverly designed in which the drug and PS molecules 
are covalently bound by functional groups that are cleaved upon the pH drop as they 
enter the disease cells. Due to the pH differential, this stimulus responsiveness selects 
only disease cells to deliver their drug and PS cargo and withholds it anywhere else.

Utilizing the pH differential, the PS curcumin was incorporated into the zeolitic 
imidazolate framework-8, ZIF-8, which disassembles at low pH, releasing the PS. 
The zinc ions released from the MOF increased the porousness of the bacterial cell 
membrane, causing the enhanced production of ROS in the extracellular environ-
ment, which resulted in bacterial cell membrane disruption and damaged appearance 
of the bacteria under the electron microscope [83]. Therefore, the authors concluded 
that pH-sensitive MOF-mediated bacterial cell targeting might be a promising aPDT 
strategy. A similar study showed pH-responsive delivery of ammonium methylben-
zene blue incorporated into the ZIF-8 [82]. Clearly, the MOF strategy is an important 
approach to pH-sensitive drugs and PS release in aPDT. The technology of encapsula-
tion of the PS in organic NPs has also been studied in pH-responsive targeting. For 
example, Chlorin e6-encapsulated pH-sensitive charge-conversion polymeric NPs 
were used to target E. coli infection in low pH urinary tract environments, with more 
than two-fold efficacy enhancement [84]. Additionally, liposomal encapsulation of 
PSs can be tuned to be pH-sensitive by formulation of the composition of the phos-
pholipids that form the liposomal bilayer. For example, encapsulation of Chlorin-e6 
into pH-sensitive liposomes fabricated by varying the composition of dipalmitoyl 
phosphatidylcholine, cholesterol, and dimethyl dioctadecyl ammonium chloride in 
chloroform resulted in selective penetration into the cytoplasm of E. coli [85].

Nanoconjugate systems have also been designed that respond to externally applied 
physical stimuli, such as MH, PTT, and US. The high preference for MH and ultra-
sound (US) is due to their unlimited tissue penetration depth compared to the limited 
tissue penetration depth of light, even in the therapeutic window. Utilizing external 
stimuli may be illustrated with the combination of MH with PDT by encapsulat-
ing magnetic iron oxide NPs in the liposome aqueous core and organic PSs in the 
hydrophobic liposomal bilayer (Figure 9a). The PS is released upon applying a high 
frequency alternating magnetic field (Figure 9b), which elevates the temperature 
to 42–45°C, disassembling the liposome and releasing the PS (Figure 9c) from the 
liposomal bilayer [86]. Encapsulating plasmonic and photo-responsive NPs also 
achieves the release of the PS in the same way, upon the application of light to elevate 
the temperature by the photothermal mechanism. Used to target cancer cells in 
experimental studies, this approach eradicated all cancer cells in an in vitro study and 
completely ablated the solid tumors in vivo [87].

Interestingly, to the best of our literature search, studies of MH in combination 
with PDT have not been reported, although studies on the antibacterial effects 
of static magnetic fields have been conducted. For example, applying an external 
magnetic field caused magnetic NPs to move deep into the biofilm [88]. Yet no studies 
have been found on the application of MH in combination with PDT to eradicate 
bacteria. Liposomal encapsulation of plasmonic NPs and PSs as a basis for antibacte-
rial photothermal and aPDT combination, on the other hand, has been reported. 
The encapsulation of gold nanorods in the liposome core and the PS curcumin in 
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the liposome bilayer, for example, was reported for treating recurrent acne with the 
combination of PTT and aPDT [89]. In this research, the curcumin PS is activated 
by blue light for PDT, while the gold nanorods were activated by near infrared (NIR) 
light for PTT, resulting in heat and ROS-based inhibition of bacterial growth.

8. Antibacterial photodynamic therapy folate targeting

A recent research report has found that folate receptor expression is significantly 
higher in animal tissues infected with Methicillin-resistant Staphylococcus aureus 
(MRSA) compared to in uninfected control tissues. The researchers exploited this 
finding by incorporating vancomycin in folate-decorated liposomes for folate over-
expression targeting of the MRSA-infected tissue. They found that the bactericidal and 
biofilm inhibition effects of the folate-decorated liposomes incorporating vancomycin 
was higher compared to direct vancomycin application, suggesting superior MRSA 
targeting and delivery of the drug [90]. The targeting potential of folate functionaliza-
tion was also confirmed by the superior targeting and antibacterial enhancement of 
the efficacy of folate-functionalized cerium NPs [91]. This has been widely exploited 
in PDT studies. Recently, for example, titanium dioxide NPs have been conjugated with 
folic acid and a phthalocyanine PS for targeted anticancer PDT [92].

The folate over-expression disease cell-targeting mechanism is illustrated in 
Figure 10. It involves the functionalization of the PS-carrier NPs with folic acid. These 
NPs will bind to the folate receptors followed by enhanced endocytosis by the disease 
cells because there is enhanced expression of the folate receptors on the disease cells. 
Once inside the disease cells, the NPs are induced by the disease cell internal microen-
vironment to release their PS cargo, thus initiating the PDT cell death pathways.

Therefore, in addition to their well-known folate over-expression-enabled cancer-
cell targeting, folate-functionalized NPs incorporating PDT PSs could be used to tar-
get bacterial infection for enhanced antibacterial PDT. It is therefore quite surprising 
that this potential of folate targeting bacterial infection has hardly been investigated 
as a bacterial targeting strategy in antibacterial PDT. In this regard, the potential of 
the findings of the folate receptor over-expression of MRSA by Vanamala et al. [90] 
could be the groundbreaking research that will lead to folate-targeting applications in 
antibacterial PDT. Therefore, studies are required to determine the microbial infec-
tion universality of the higher folate receptor expression found in MRSA-infected 
tissues compared to in uninfected control tissues.

Figure 9. 
Magnetic hyperthermia-triggered release of the PS from the liposome bilayer.
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9. Nanoparticles as agents for photodynamic therapy combination therapies

Nanotechnology has taken a prime position in PDT combination therapeutics 
research where NPs, due to their small size and huge volume-to-surface area ratio, can 
absorb and otherwise load large quantities of PSs and the therapeutic agents required 
for the PDT combination therapy. In combining PDT with antibacterial chemo-
therapy, for example, NPs are loaded with antibacterial PDT PSs and antibiotic drugs. 
In this combination therapy, the NPs can act not only as drug and PS carriers and 
delivery agents but also as bacterial infection-targeting agents [93]. Nanoconjugates 
that are either inherently cationic or rendered cationic by virtue of cationic PS cap-
ping agents have shown selectivity for bacterial pathogens and bacterial infection. For 
example, polymeric chlorin-e6-incorporating nanoconjugate systems that become 
cationic at slightly acidic pH were reported to show pH-dependent bacterial selectiv-
ity and efficacy variation [94], while a zeolite-based inorganic NP, capped with the 
cationic tetravalent silicon phthalocyanine PS, showed a positive zeta potential, 
selectivity for bacterial infection, and enhanced efficacy [95]. However, the primary 
purpose of multifunctional nanoconjugate systems is to incorporate functionalities 
that enable the desired combination therapy into nanoconjugate systems. For exam-
ple, to enable the combination of antibiotic chemotherapy with PDT, a nanoconjugate 
system consisting of a core of gold and a shell of silver was passivated with 4-mer-
captobenzoic acid. Subsequently, the mercaptobenzoic acid shell of the gold NPs 
was modified by conjugation with vancomycin and loaded with the phthalocyanine 
PS to enable vancomycin-mediated antibiotic chemotherapy in combination with 
phthalocyanine-mediated PDT [96].

Figure 10. 
The folate over-expression disease cell-targeting mechanism.
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10.  Antibacterial photodynamic therapy in combination with chemotherapy

The urgent response to the fast development of bacterial resistance to antibiotics is 
probably the single most compelling reason for the current rising interest in nanomate-
rial-mediated PDT, specifically the ability of nanomaterials to carry multiple drug and PS 
payloads and to deliver them only in the infection site or upon stimulation by an external 
source, which is the basis for combination therapies involving PDT. The reason for this is 
that although mechanisms of resistance against antibacterial PDT have been described, 
including hypoxia, the repair of DNA damage, efflux of the PS, upregulation of the heat 
shock protein, and inhibition of apoptosis [97], very little resistance has been observed 
[98–100]. Antibiotic therapy and PDT have been the subject of much interest [101–104].

Incorporating a porphyrin PS, the immunosuppressant methotrexate, and silver 
in one nanoconjugate may be used as an example of the nanomaterial-mediated 
combination of PDT with an antibiotic material [105]. While demonstrating bio-
compatibility and release of silver and the porphyrin PS, the nanoconjugate also 
showed excellent antibacterial activity in excess of that shown by the antibiotic and 
the porphyrin PS each acting alone. This type of combination of antibiotic silver with 
PDT was also shown by the eradication of S. aureus by a conjugate of the zinc (II) 
phthalocyanine PS with silver NPs [106]. Another example is the PDT treatment with 
amoxicillin-coated gold NPs, eradicating the embedded P. aeruginosa and S. aureus. 
In this example, amoxicillin was the antibiotic agent, while the nanogold acted as the 
PS [107]. Similarly, the biofilms of E. coli, S. aureus, and MRSA were treated with an 
MOF loaded with the PS methylbenzene blue and the antibiotic drug vancomycin 
[108]. This caused the biofilm matrix structure to collapse. The nanoconjugate was 
therefore able to diffuse and eradicate the bacteria. This is an example of a pH-
triggered release of the antibiotic and the PS because the MOF structure disassembles 
upon the drop in pH as the nanoconjugate enters the bacterial and biofilm infection 
site and as it enters the bacterial cell into the cytoplasm.

11. Anticancer photodynamic therapy in combination with chemotherapy

Given the history of PDT and chemotherapy as anticancer therapeutic technolo-
gies, it is not surprising that the combination of PDT and anticancer chemotherapy 
is among the most widely reported. A study of the combination of the aluminum 
phthalocyanine chloride complex as the PS and doxorubicin as the chemotherapy drug 
agent, both encapsulated in nano-emulsions, was reported to reduce the induction 
of breast cancer in mice, to reduce the expression of the vascular endothelial growth 
factor, and to increase the expression of the apoptosis-indicating Caspase-3 protein 
as well as tissue death by necrosis. There was a large reduction in cancer cell prolifera-
tion [109]. The combination of PDT with anticancer chemotherapy was also studied 
using chlorin-e6 as the PS and cisplatin as the chemotherapy drug while ameliorating 
hypoxia using perfluorocarbon-mediated molecular oxygen self-supply. These three 
key elements were incorporated in pH- and ROS-responsive micelles made of poly-
ethylene glycol and polyglycolic acid. This remarkable innovation showed enhanced 
activity against SKOV3 ovarian cancer cell lines [110]. This was attributed to the pH 
responsiveness, which ensured that the nano-micelles released their cargo only when 
they were inside the ovarian cancer cells. The perfluoro hydrocarbon-mediated oxygen 
encapsulation in the micelles ensured oxygenation to overcome hypoxia. Figure 11 
shows a similar nanoconjugate formed by the self-assembly of polyethylene glycol 
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after conjugation of the PS IR780 with a perfluoro hydrocarbon, along with loading 
with doxorubicin, achieving similar results against MCF-7 cancer cell lines [111].

12.  Photodynamic therapy in combination with photothermal 
hyperthermia

Plasmonic NPs that possess high photothermal conversion, such as those of 
graphene oxide, are required to enable the combination of PDT and PTT against 
cancer and other diseases. For example, the conjugation of graphene oxide NPs with 
folic acid to enable the folate over-expression cancer cell-targeting mechanism and 
chlorin-e6 to enable PDT was reported to enhance the cancer cell uptake and reten-
tion and to selectively kill cancer cells in vitro [112]. In this study, MCF-7 cancer cell 
lines were studied by confocal electron microscopy. These studies revealed that the 
folic acid and chlorin-e6-functionalized graphene oxide NPs were localized well 
within the cytoplasm and not on the cell membrane. This supported the folic acid-
enabled endocytosis of the graphene oxide nanoconjugate.

Gold NPs are well-known for their photoacoustic and photothermal properties, 
which enable light absorption and the production of heat due to their localized 
plasmon surface resonance [113]. Marketed as Temoporfin or Foscan over the past 
decade or so, the PS meso-tetrakis(3-hydroxyphenyl)chlorin is approved by the Food 
and Drug Administration (FDA) for PDT [114]. Therefore, a therapeutic modality 
that combines meso-tetrakis(3-hydroxyphenyl)chlorin-mediated PDT with gold 
NP-mediated PTT, based on a nanoconjugate made of NPs of gold and a capping shell 
of meso-tetrakis(3-hydroxyphenyl)chlorin, was reported to have a twofold syner-
gistic enhancement of efficacy against the neuroblastoma-derived SH-SY5Y cells 
in vitro (Figure 12) [115]. In this study, the gold NPs were initially stabilized using 
mercaptopropionic acid, followed by esterification of the carboxylic acid functional 
groups of the mercaptopropionic acid with one of the phenolic groups of the PS, thus 
transforming the gold NP capping shell from carboxylic acid to a meso-tetrakis(3-
hydroxyphenyl)chlorin shell. In addition to gold and graphene oxide, plasmonic NPs 

Figure 11. 
Self-assembly of polyethylene glycol after conjugation with the perfluoro hydrocarbon and IR780 was loaded with 
doxorubicin.
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used in the combination of PDT with PTT include those of silver, silica, upconverting 
lanthanides, iron oxide, and several nanotubes [116].

13. Photodynamic therapy in combination with sonodynamic therapy

The exploratory clinical study of PDT combined with sonodynamic therapy 
(SDT) against cholangiocarcinoma in which hematoporphyrin was used as the 
sono-photosensitizer provides a clear indication of the state of this technology in the 
clinical translation trajectory [117]. This is supported by the clinical pilot studies [118] 
and case reports [119] that are starting to appear in the literature. Nanotechnology is 
ubiquitous not only as a platform for the PDT and SDT agents [120, 121], but also for 
other purposes of the innovation, such as hypoxia amelioration, disease targeting, 
imaging-guided therapy, and stimulus-responsive release. For example, reducing 
human serum albumin to cleave the disulfide linkages and produce free thiol groups, 
followed by conjugation with hemoglobin, was used to produce a nanoplatform 
capable of carrying oxygen. The innovative nanoplatform was used to encapsulate 
manganese (II) phthalocyanine as the PS and to absorb copious amount of oxygen 
before administration as a sono-photosensitizer that responds to light and ultrasonic 
activation to produce ROS, even from the insufficiently oxygenated tumor microenvi-
ronments of 4 T1 breast cancer xenografts in mice. It also enabled magnetic resonance 
and photoacoustic imaging [122]. Additionally, although notoriously difficult to reach 
by PDT, brain cancer can be reached with SDT. The PS 3-(1′-Hexyloxy)ethyl-3-devi-
nylpyropheophorbide-a, delivered using cationic polyacrylamide NPs functionalized 
with tetramethyl ammonium groups, improved the kill rate of the combination of 
PDT and SDT relative to the individual technologies, against the U87 human glioblas-
toma cell line, considered to be the best model for brain cancer [123].

14. Photodynamic therapy in combination with magnetic hyperthermia

Enabled by a whole-body applicator, MH is used to treat cancerous tumors that 
are difficult to reach, such as tumors in the brain and those located in dark tissues, 
such as the liver, spleen, pancreas, and bones [124]. Recently, however, the develop-
ment of a handheld MH device has been reported for more focused treatments [125]. 

Figure 12. 
A nanoconjugate made of nanoparticles of gold with a capping shell of temoporfin.
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Nanoconjugate platforms for the combination of PDT with MH need to incorporate 
the PS and magnetic NPs ideally in the same nanoconjugate [87]. For example, using 
nanoemulsions loaded with magnetic iron oxide NPs and an aluminum phthalocya-
nine PS, the combination of MH and PDT was reported to achieve 66% reduction 
in the viability of the human bone marrow mesenchymal stem cell line [126]. In 
addition, there are examples of multifunctional nanotechnology platforms aimed 
at combining PDT with MH that are selective for cancer cells. For example, a nano-
conjugate of Janus nanobulets with magnetic manganese oxide heads and chlorin-e6 
PS-laden mesoporous silica bodies was cloaked with the breast cancer cell membrane. 
Following rapid cancer cell endocytosis, the disulfide anchor of the PS onto the 
mesoporous silica side of the Janus nanobulet was easily cleaved upon the pH drop of 
the breast cancer cell internal microenvironment, thus releasing the PS [127].

15. Conclusion

The development of resistance against antibacterial drugs is the rising challenge of 
the century, because it was nearly one century ago that bacterial infections were dealt 
a lethal blow by the discovery of antibiotics, which are now facing a drastic decline in 
efficacy against bacterial and fungal infections, due to the development of resistance. 
Generally, nanomaterial-mediated targeted drug delivery is a major thrust against 
antibacterial drug resistance. It has been noted that the development of resistance 
against PDT is a difficult feat for microbial pathogens to mount. It follows therefore that 
nanomaterial-mediated targeted PS delivery further diminishes the likelihood of the 
development of resistance. The boundaries may be pushed even further by the combina-
tion of nanomaterial-mediated delivery of antibiotic drugs and PDT PS, contained in 
multifunctional nanoconjugate systems used in photodynamic-antibiotic chemotherapy 
drug combination therapies because such systems would dramatically reduce systemic 
release of the antibiotic chemotherapy drug and PS. It is for these reasons that the 
ruthenium polypyridyl complexes, which are potent generators of ROS upon photo-
irradiation as antibacterial PDT PSs, have been developed with the purpose of pursuing 
the capability of combating antibiotic resistance [128]. In the same way as combining 
different antibiotic drugs is effective in repurposing older drugs rendered unusable by 
the development of resistance, so is combining antibiotic drugs with PDT [129].

Future benefits of combination therapies include enhancement of the combat-
ing of cancer and bacterial infections. However, the current rapid expansion of the 
scope of these combination therapies has left a few gaps. For example, the applica-
tions of the combination of MH with PDT, which appears to have been thwarted by 
the requirements for onerous investments in equipment and infrastructure, could 
benefit in the future from the development of handheld MH devices, subject to the 
advances in availability of such devices [125]. Therefore, this paper is a timeous 
addition to the advocacy for the development of such handheld devices. Additionally, 
other combinations with PDT hold great promise for the future, which are still 
being explored in experimental research. For example, the combination of PDT 
with cold atmospheric pressure plasma therapy has been shown by researchers at the 
Universität Greifswald in Germany, to eradicate bacterial infections of common skin 
and wound pathogens in vitro [130]. This provides an initial proof of concept for what 
could potentially revolutionize the way in which wound infections are treated in the 
future, especially in the developing world where such infections unnecessarily kill 
many people. Therefore, more research is needed to evaluate the combination of PDT 
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with CAP. The applicability of the folate antimicrobial targeting mechanisms across 
the microbial spectrum should also be determined. In conclusion, this paper has not 
only navigated the combination therapies that include PDT but also exposed some of 
the opportunities for further research and potential human benefit from it. The data 
show that the combinations of PDT with similarly minimally invasive technologies 
will further enhance the clinical translation of PDT and the development of devices 
that will support these combinations. Therefore, this paper encourages further 
research and innovation in the development of devices to be used in support of the 
research on combination therapies as well as clinical applications.

Glossary of acronyms

PDT Photodynamic therapy
aPDT Antimicrobial photodynamic therapy
MH Magnetic hyperthermia therapy
PTT Photothermal hyperthermia therapy
ROS Reactive oxygen species
EPS Extracellular polymeric substance
MOF Metal-organic frameworks
NP Nanoparticles
MRSA Methicillin-resistant S. aureus
SDT Sonodynamic therapy
ZIF-8 Zeolitic imidazolate metal-organic-framework-8
US Ultrasound
PS Photosensitizer
NIR Near infrared
MRSA Methicillin-resistant Staphylococcus aureus
FDA Food and Drug Administration
1PS0 Singlet spin state photosensitizer in the ground state
1PS1 Singlet spin state photosensitizer in the first excited state
1PS2 Singlet spin state photosensitizer in the second excited state
3PS1 Triplet spin state photosensitizer in the first excited state
3O2 Triplet spin state molecular oxygen in the ground state
1O2 Singlet spin state molecular oxygen in the excited state
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